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Preface to the series

The field of synthesis, study, and application of metal oxides is one of the most rap-

idly progressing areas of science and technology. Metal oxides are one of the most

ubiquitous compound groups on earth, which have a large variety of chemical com-

positions, atomic structures, and crystalline shapes. In addition, metal oxides are

known to possess unique functionalities that are absent or inferior in other solid

materials. In particular, metal oxides represent an assorted and appealing class of

materials, properties of which exhibit a full spectrum of electronic properties—

from insulating to semiconducting, metallic, and superconducting. Moreover,

almost all the known effects, including superconductivity, thermoelectric effects,

photoelectrical effects, luminescence, and magnetism, can be observed in metal oxi-

des. Therefore metal oxides have emerged as an important class of multifunctional

materials with a rich collection of properties, which have great potential for numer-

ous device applications. Specific properties of the metal oxides, such as the wide

variety of materials with different electrophysical, optical, and chemical characteris-

tics, their high thermal and temporal stability, and their abilities to function in harsh

environments, make metal oxides very suitable materials for designing transparent

electrodes, high-mobility transistors, gas sensors, actuators, acoustical transducers,

photovoltaic and photonic devices, photo- and heterogeneous catalysts, solid-state

coolers, high-frequency and micromechanical devices, energy harvesting and stor-

age devices, nonvolatile memories, and many others in the electronics, energy, and

health sectors. In these devices, metal oxides can be successfully used as sensing or

active layers, substrates, electrodes, promoters, structure modifiers, membranes, and

fibers, which can be used as active and passive components.

Among other advantages of metal oxides are the low fabrication cost and robust-

ness in practical applications. Furthermore, the metal oxides can be prepared in var-

ious forms such as ceramics, thick and thin films. At that for thin-film deposition

can be used deposition techniques that are compatible with standard microelectronic

technology. The last factor is very important for large-scale production, because the

microelectronic approach promotes low cost for mass production, offers the possi-

bility of manufacturing devices on a chip, and guarantees good reproducibility.

Various metal oxide nanostructures, including nanowires, nanotubes, nanofibers,

core�shell structures, and hollow nanostructures, can also be synthesized. As is

known, the field of metal oxide nanostructured morphologies (e.g., nanowires,

nanorods, and nanotubes) has become one of the most active research areas within

the nanoscience community.

The abilities to create a variety of metal oxide�based composites and to synthe-

size various multicomponent compounds significantly expand the range of



properties that metal oxide�based materials can have, making metal oxides by a

truly versatile multifunctional material for widespread use. As is known, small

changes in their chemical composition and atomic structure can be accompanied by

the spectacular variation in properties and behavior of metal oxides. Even now,

advances in synthesizing and characterizing techniques are revealing numerous new

functions of metal oxides.

Taking into account the importance of metal oxides for progress in microelec-

tronics, optoelectronics, photonics, energy conversion, sensor, and catalysis, a large

number of various books devoted to this class of materials have been published.

However, one should note that some books from this list are too general, some

books are collections of various original works without any generalizations, and the

other ones were published many years ago. But, during the past decade a great

progress has been made on the synthesis as well as on the structural, physical, and

chemical characterization and application of metal oxides in various devices, and a

large number of papers have been published on metal oxides. In addition, till now

many important topics related to metal oxides study and application have not been

discussed. To remedy the situation in this area, we decided to generalize and sys-

tematize the results of research in this direction and to publish a series of books

devoted to metal oxides.

One should note that the proposed book series “Metal Oxides” is the first one,

devoted to the consideration of metal oxides only. We believe that combining books

on metal oxides in a series could help readers in searching required information on

the subject. In particular, we plan that the books from our series, which have a clear

specialization by its content, will provide interdisciplinary discussion for various

oxide materials with a wide range of topics, from material synthesis and deposition

to characterizations, processing and then to device fabrications and applications.

This book series is prepared by a team of highly qualified experts, which guarantees

its high quality.

I hope that our books will be useful and comfortable in use. I would also like to

hope that readers will consider this “Metal Oxides” book series like an encyclope-

dia of metal oxides that enables one to understand the present status of metal oxi-

des, to estimate the role of multifunctional metal oxides in the design of advanced

devices, and then based on observed knowledge to formulate new goals for the fur-

ther research.

The intended audience of the present book series is scientists and researchers,

working or planning to work in the field of materials related to metal oxides, that

is, those whose activities are related to electronics, optoelectronics, energy, cataly-

sis, sensors, electrical engineering, ceramics, biomedical designs, etc. I believe that

this “Metal Oxides” book series will also be interesting for practicing engineers or

project managers in industries and national laboratories, who would like to design

metal oxide�based devices but do not know how to do it, and how to select optimal

metal oxide for specific applications. With many references to the vast resource of

recently published literature on the subject, this book series will be serving as a sig-

nificant and insightful source of valuable information, providing scientists and engi-

neers with new insights for understanding and improving existing metal
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oxide�based devices and for designing new metal oxide�based materials with new

and unexpected properties

I believe that this “Metal Oxides” book series would be very helpful for univer-

sity students, postdocs, and professors. The structure of these books offers a basis

for courses in the field of materials science, chemical engineering, electronics, elec-

trical engineering, optoelectronics, energy technologies, environmental control, and

many others. Graduate students could also find the book series to be very useful in

their research and understanding features of metal oxides’ synthesis, study, and

application of this multifunctional material in various devices. We are sure that all

of them will find information useful for their activity.

Finally, I thank all the contributing authors and book editors who have been

involved in the creation of these books. I am thankful to them because they have

agreed to participate in this project and put their efforts in the preparation of these

books. Without their participation, this project would have not been successful. I

also express my gratitude to Elsevier for giving us the opportunity to publish this

series. I especially thank the whole team of editorial office at Elsevier for showing

their patience during the development of this project and for encouraging us during

the various stages of preparation.

Ghenadii Korotcenkov
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Preface

The synthesis, analysis, characterization, and application of metal oxide powder

technologies are one of the rapidly progressing areas of science and technology.

Metal oxides are one of the most ubiquitous compounds on the globe and have a

variety of chemical compositions, atomic structures, and crystalline shapes. In addi-

tion, metal oxides are known to possess unique functionalities that are absent or

less in other solid materials. Metal oxides give an assorted and appealing class of

materials, where their properties exhibit a full spectrum of electronic, structural,

elastic, optical, thermal, and other properties from insulating to semiconducting,

metallic, and superconducting. Moreover, it could notice all phenomena of super-

conductivity, thermoelectric effects, photoelectrical effects, luminescence, and mag-

netism. Therefore metal oxides have an eminent importance of multifunctional

materials with a rich collection of properties that have great potential in numerous

device applications.

Specific properties—electrophysical, optical, chemical characteristics, high ther-

mal and temporal stability, and abilities to function in harsh environments—make

metal oxides very suitable materials for designing transparent electrodes, high-

mobility transistors, gas sensors, actuators, acoustical transducers, photovoltaic and

photonic devices, photo- and heterogeneous catalysts, solid-state coolers, high-

frequency and micromechanical devices, energy harvesting and storage devices,

nonvolatile memories, and many others in electronics, energy, and health sectors.

For applications, metal oxides can be successfully used as sensing or active layers,

substrates, electrodes, promoters, structure modifiers, membranes, and fibers, in

which they can be used as active and passive compounds.

Among advantages, metal oxides are cost-effective and robust in practical appli-

cations. Furthermore, they can be used in various forms such as ceramics and thin

films. For thin-film deposition, those techniques can be used which are compatible

with standard microelectronic technology that is very important for large-scale pro-

duction as the microelectronic approach promotes cost-effectiveness for mass pro-

duction, offers the possibility of manufacturing devices on a chip, and guarantees

good reproducibility. Different metal oxide nanostructures of nanowires, nanotubes,

nanofibers, core�shell structures, and hollow nanostructures can be formed. It is

known that the field of metal oxide nanostructures (e.g., nanowires, nanorods, and

nanotubes) has become one of the most active research areas within nanoscience

community.

The abilities to create different metal oxide�based composites and to synthesize

various multicomponent compounds significantly expand the range of properties

that metal oxide�based materials can truly have as versatile multifunctional



materials for widespread uses. A small change in their chemical composition and

atomic structure can be accompanied by spectacular variations of properties and

behavior of metal oxides. Even now, advances in synthesizing and characterizing

techniques are revealing numerous new functions of metal oxides.

Taking into account the importance of metal oxides for progress in microelec-

tronics, optoelectronics, photonics, energy conversion, sensors, and catalysis, many

books devoted to this class of materials have been released. However, during the

past decade, great progress has been achieved on the synthesis, structural, elastic,

electronic, optical, thermal, and other properties as well as metal oxides’ application

in many devices, and a large number of published papers have been disseminated

on metal oxides. To remedy this situation, it has been decided to generalize and sys-

tematize the results of research in this direction and to publish this book that is

devoted to metal oxides.

One should notice that the proposed book “Metal Oxide Powder Technologies:

Fundamentals, Processing Methods and Applications” is the first one devoted to the

consideration of metal oxide powder technologies only. It is believed that this book

could help readers and specialists in searching required information on the men-

tioned subject. It is planned that this book has a clear specialization by its content

and will provide interdisciplinary discussion for various oxide materials with a

wide range of topics, from material synthesis and deposition to characterizations

and processing and then to device fabrications and applications. This book is edited

by a team of highly qualified experts, which guarantee its high quality.

I hope this book will be useful and will provide ease. I would hope that readers

and specialists will consider it as an encyclopedia of metal oxides that enables one

to understand the present status of metal oxide powder technologies, estimate the

role of multifunctional metal oxides in the design of advanced devices, and, based

on observed knowledge, formulate new goals for further research. The intended

audience of the present book is scientists, academics, and researchers in the field of

materials, semiconductors, ceramics, and metal oxides, who have activities related

to electronics, optoelectronics, energy, catalysis, sensors, electrical engineering,

ceramics, biomedical designs, and others.

I believe that the book “Metal Oxide Powder Technologies: Fundamentals,

Processing Methods and Applications” will be interesting for practicing engineers

or project managers in industries and laboratories, who would like to design metal

oxide�based devices but do not know how to do it and how to select optimal metal

oxides for specific applications. With many references to the vast resource of

recently published literature on the subject, this book will serve as a significant and

insightful source of valuable information, provide scientists and engineers with new

insights for understanding, and improve existing metal oxide�based devices for

designing new metal oxide-based materials with new and unexpected properties. I

believe that it would be very helpful for university students, researchers, and aca-

demics. The structure of these books offers a basis for courses in the field of materi-

als science, semiconductors, ceramics, chemical engineering, electronics, electrical

engineering, optoelectronics, energy technologies, environmental control, and

others. It will definitely help one to find useful information.
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The first chapter is devoted to the preparation of colloidal GaO nanoparticles in

ethanol by pulsed laser ablation method. Optical and structural analyses were per-

formed on samples generated under different laser fluences. It is shown that laser

fluence has a significant effect on nanoparticles’ size properties. Also, it is proven

that the ablation process affects the nanoparticles’ size and size distribution. The

results show that higher laser fluence produces larger mean sizes of nanoparticles

with a broader size distribution, followed by making metal oxides more visible and

widely using an active catalyst or supporting material. Metal oxides made from an

inorganic material are driven by the surface chemistry and quantum confining

effect, along with a reduction in size and nano-sizing. The surface chemistry such

as nucleation and crystallization of metal oxide is discussed in the determination of

metal oxide sizes. In addition, changes to metal oxide will improve the transporta-

tion of charge carriers and lower the rate of recombination as elaborated in

Chapter 2, Chemical Studies of Metal Oxide Powders. Chapter 3, Synthesis and

Preparation of Metal Oxide Powders, has studied metal oxide in the form of pow-

ders owing to their unique and novel properties. A thorough description of current

advances on the synthesis and preparation of metal oxide powders is available in

the chapter. Several important methods were described. Chapter 4, Sintering

Behaviors of Fe3O4 and CaO Powders Roasted Under CO�CO2�N2 Atmosphere,

has considered calcium ferrite phases as a wonderful bonding phase in iron ore sin-

ters. The local sintering zone where the coke breeze is combusted is not oxidizing

atmosphere, but weakly reducing atmosphere, which inevitably affects the forma-

tion of calcium ferrites. Followed by introducing tribological performances of sur-

face modification, including polymerization, nano-coating, and microencapsulation,

Chapter 5, Surface Modification, Including Polymerization, Nanocoating, and

Microencapsulation, starts with the classification of surface treatment, including

polymerization and rapid development of nanotechnology and nanomaterials, that

leads to the need of modifying the surface of nanoparticles for a number of applica-

tions to explain the surface treatments for improving the mechanical properties of

tribolayers and their long-term stability under boundary lubricated conditions.

Chapter 6, Application of Metal Oxides in Composites, meets the designed and

manufactured composite materials for higher performance that are required by

today’s advanced technology. They combine characteristic properties of ceramics,

metals, and polymers in a single material, the properties of which are superior to

those of each monolithic material. On the other hand, Chapter 7, Metal Oxide

Powder Technology in Biomedicine, describes numerous combinations of hybrid

nanomaterials of inorganic, organic, and biomolecular origins that have been syn-

thesized with programmable physico�chemico�biological properties via their sur-

face modifications and chemical conjugation. These hybrid nanomaterials undergo

through fast emerging applications in various fields, including biomedicines. Given

the current status of the developments in this context, a more comprehensive

growth is anticipated in deploying the aforementioned programmable features, espe-

cially, involving stoichiometric changes during their syntheses guided by simulta-

neously ongoing analytical/simulation studies. From a larger family of such

nanomaterials, the transition metal oxide�based complexes, including the

xxixPreface



perovskites, are expected to offer unique possibilities of compound formations

involving their d-electron interactions that are yet to be explored in depth. Also, the

functional and advanced materials and their production techniques have received

more attention in materials science and engineering over the past several decades as

presented in Chapter 8, Mechanical and Physical Methods for the Metal Oxide

Powder Production. The metal oxide powders and nanopowders and their mixtures

require further intensive research. They have many applications and usages in vari-

ous industrial fields. An overview of the mechanical and physical techniques for

the production of metal oxide powders with a focus on processes and devices is

provided. On the other hand, Chapter 9, Chemical Processes of Metal Oxide

Powders, has attracted metal oxide macro-, micro-, and nanostructures studies due

to its great potential in magnetic, electronic, and optical applications. Metal oxide

powders are typically produced in laboratories and planned using several methods

such as catalysis, physical, algae extraction, and chemical. It is reviewed on existing

chemical methods in the production of metal oxide powder. Moreover, elaborated

studies of metal oxide powders are put in Chapter 10, Thermal Protection Coatings

of Metal Oxide Powders, for their useful industry and societal applications.

Continuous development in finding out newer materials and composites is essential

to meet the challenges that are posed and necessary thermal protection coating on

various metal oxide powders by various physical and chemical deposition techni-

ques that are discussed in this chapter.

Chapter 11, Metal Oxide Nanoparticles in Biomedical Applications, has archived

the tremendous advancement in the past technologies and continued to become an

important method that creates useful materials with designed features. Application

of nanotechnology in the synthesis of metal oxides has provided a new set of mate-

rials in nano-sizes with unique features. These metal oxide nanoparticles exhibit

distinct physical and chemical properties due to their smaller sizes than their bulk-

sized counterparts. The unique physicochemical properties of metal oxide nanopar-

ticles make it possible to create a wide variety of new biomedical applications.

Followed by that, Chapter 12, Metal Oxide Powder Technology in Energy

Technologies, will be a good guide for scientists, engineers, and academic research-

ers in this field to present a broad range of energy uses of metal oxide powder tech-

nology. The chapter covers the materials, manufactured by metal oxide powder

technology, and their uses in different kinds of energy applications such as fuel

cells, solar cells, super capacitor, and many more. On the other hand, the investiga-

tion of possibility of developing new materials and even new methods in building

electronics devices is described by Chapter 13, Metal Oxides in Electronics. Metal

oxides are deemed a major element in the development and building of nanoelectro-

nics due to their extraordinary electrical, physical, and chemical properties that are

different from metals, semiconductors, and insulators. The rapid evolutions in syn-

thesizing metal oxides and using them in electronic devices open new horizons in

improving the performance and functionality of these devices. But metal oxides are

used in important industrial processes as catalysts, either as an active phase or as

supports for highly dispersed metals, described in Chapter 14, Metal Oxide Powder

Technology in Catalysis. It has described useful properties for participating in a
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wide range of reactions such as oxidation, hydrogenation, polymerization, and many

more. They are available from nature or obtained by synthetic methods. It has pro-

vided a description of molecular structures of metal oxides that are used as catalysts.

Moreover, Chapter 15, Metal Oxide for Heavy Metal Detection and Removal, has

introduced excessive quantities to different environmental matrices, imposing severe

threats to the ecosystem. It is focused on the occurrence of heavy metals in Malaysia,

reviewing their potential sources, existence in water, sediment, and aquatic life.

However, despite the existence of contents of heavy metals in water, sediment, and

aquatic life, they remain within the permissible limit. Heavy metals are known to be

nondegradable and hence can lead to bioaccumulation in humans or animals.

Therefore treating wastewater is essential to ensure that no heavy-metal ions are

released into the environment. Next, Chapter 16, Metal Oxide Powder Technology in

Membranes, has proposed powder of metal oxide nanoparticles for membrane appli-

cations such as microfiltration devices. The produced powder was analyzed and char-

acterized. A study on the factors influencing the antimicrobial activities of metal

oxide nanoparticles was taken up. Further studies have to be done on the small-sized

different-shaped nanoparticles that could exhibit excellent antimicrobial activities

than the present study. 3D Printing technology is developed rapidly, which plays an

important role in many areas such as industrial, medical aerospace as well as automo-

tive, as discussed in Chapter 17, 3D Printing of Ceramic Powder Technology 3D

Printing of Ceramic Powder Technology. There was a huge demand for the 3D print-

ing technology especially for the ceramic products that opened horizons for a new

era of application and industrial levels. A comprehensive review for the applications

of 3D printing in ceramics as well as technology associated was covered. Chapter 18,

Metal Oxide Powder Technology in Dielectric Materials, has discussed the funda-

mentals of dielectric materials and nanostructured metal oxide powder. These nanos-

tructured metal oxides are very vital for novel devices after a gracious controlled care

of composition, structure, and surface properties. These metal oxides are the treasure

for their applications in versatile scopes of industries such as water purification and

medical applications. As metal oxide powder exhibits abovementioned special prop-

erties, its consideration can be advantageous especially to cosmetics industry and per-

sonal care products. Along with described benefits, these oxides may also have

hazardous effects on people, amphibian, and environment.

Finally, I thank all the contributing authors. I am thankful to them because they

have agreed to participate in this book to prepare it. Without their efforts, this book

would have not been completed. I also express my gratitude to Elsevier for giving

us the opportunity to publish this series. I especially thank the Elsevier’s team for

keeping their patience during the whole process of production and for encouraging

us during the various stages of preparation.

Yarub Al-Douri

University of Malaya, Kuala Lumpur, Malaysia,

Cihan University Sulaimaniya, Sulaimaniy, Iraq,

Bahcesehir University, Istanbul, Turkey
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1.1 Introduction

Nanoparticles are highly interesting for biological, medical, energy conversion,

storage, and electronic applications [1�4]. Nanoparticles have a large surface

energy and surface-to-volume ratio. The metal nanoparticles have distinguished

electrical, magnetic, optical, and chemical properties with marvelous new applica-

tions [5�8]. The last decade has seen the development of nanoparticles with con-

trolled sizes, shapes, and phases. Different techniques, such as thermal evaporation,

milling, chemical method, condensation, and sputtering [9�13], have also been

reported. However, these techniques are either expensive or may produce toxic,

impure, harmful, and/or low-quality nanoparticles which tend to agglomerate

towards bigger size. There has been a lot of attention and interest paid to synthesiz-

ing nanoparticles by pulsed laser ablation (PLA) [14�16]. PLA has offered promis-

ing nanoparticles for nanofertilizers, surface-enhanced Raman scattering detection

and biotechnology applications [17�20]. The main feature of PLA is its capability

to produce stable colloidal nanoparticles. It is safe, clean, and effective for metals

nanoparticles synthesis with controllable size [21�25]. For instance, the formation

of both gold and nickel nanoparticles under ablation of corresponding solids by

pulsed Nd:YAG laser has been reported [26�32]. The influence of liquid on the

chemical composition of generated nanoparticles has also been reported [33], as

well as CdS and ZnSe quantum dots formation [34]. It is demonstrated that mean

size and size distribution of colloidal nanoparticles produced by PLA depend signif-

icantly on laser fluence, wavelength and pulse duration characteristics, liquid envi-

ronment, and target material [35�39]. Laser radiation of a moderate fluence is

shown to be capable of heating a single nanoparticle to elevated temperatures (close

to the melting point of 1000�C for Au), thus explaining the high chemical reaction

rate with the surrounding liquid.

It is expected by immersing nanoparticles into a liquid, the nanoparticles forma-

tion by laser ablation will be accompanied by their splitting during exposure. The

resulting distribution of nanoparticles is the result of both processes, namely, abla-

tion and further splitting. This effect seems to be negligible in experiments on laser
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ablation in vacuum or in diluted gases, whereas in liquid-phase ablation with a high

density of nanophase material it plays a significant role.

In this chapter, we investigate the synthesis of colloidal nanoparticles by PLA of

GaO target immersed in ethanol, which to our knowledge has not been previously

reported in the literature. Optical and structural analyses were performed on sam-

ples generated under different laser fluence by using tunneling electron microscopy

(TEM), ultraviolet�visible (UV�Vis) absorption, and X-ray diffraction (XRD)

techniques. The effects of laser fluence and liquid environment on colloidal nano-

particles size were studied in innovative research.

1.2 Metal oxides

Metals available on Earth are generally not very stable, and they form metal oxides

mostly with unique functionalities and higher stability than pure metals. The metal

and oxygen ions play a key role in displaying various interesting properties for

industrial purposes and also form the basis to develop various theories of condensed

matter physics. Metal oxides are generally in solid (powder) form with metal as the

cation and oxygen as the anion. These oxides, available as abundant compounds

with a large variety of properties, such as high stability, various crystal structures,

phase transitions, composition, physical, optical, electrical, and chemical properties

with high strength, are suitable for energy storage devices, gas sensors, solid-state

microbatteries, catalysts, transistors, electronic components, transducers, optoelec-

tronic devices, membrane reactors, and bioapplications. In general, the metal oxides

are brittle in nature at room temperature [40]. However, the electrical properties of

these oxides cover the entire range from insulators to superconductors through

semiconductors and conductors making them economically competitive. Even then,

their use has been largely confined to applications as insulating materials. The rea-

son for this might be their brittleness, their crystalline transformation, and the diffi-

culty in maintaining the desired oxygen levels in the compound. These crystalline

transformations and phase changes may be seen as disadvantages, but at the same

time they are of great advantage because the unexpected variety of properties that

can be drawn from the phase transformations make them useful in electrochromic,

photochromic, thermochromic devices, and microbatteries, etc. In addition to this,

at certain pressures or temperatures the metal insulator transition takes place, which

has drawn the attention of researchers and became a widespread research theme

even before the high-temperature superconductivity sprang into center stage. Due to

the availability of localized electrons, these oxides are frequently utilized as ferro-

magnetic and ferroelectric materials and also exhibit photo- and thermoelectric

effects.

Based on the physical properties metal oxides can be classified into two catego-

ries, namely, nontransition metal oxides and transition metal oxides [41,42]. The

filled valence band and empty conduction band are separated by a large bandgap in

nontransition metal oxides. Hence in ordinary conditions they will act as
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diamagnetic insulators. General examples of nontransition metal oxides are magne-

sium oxide (MgO) and silicon dioxide (SiO2). At high temperatures, the intrinsic

activation energy is higher than the energy required for the creation and migration

of defects, hence ionic conduction is more predominant than electronic conduction.

In the case of transition metal oxides, they exhibit unusual electronic structures,

based on the transition metal and how it bonds with oxygen [43,44]. They are an

enormous and interesting group of solids exhibiting a wide variety of structural,

optical, electrical, and magnetic properties. They in turn can be broadly divided

into two classes:

1. Those in which the metal ion has a d0 electronic configuration

Examples are vanadium pentoxide (V2O5), molybdenum trioxide (MoO3), tungsten tri-

oxide (WO3), chromium trioxide (CrO3), zirconium dioxide (ZrO2), niobium oxide

(Nb2O5), and tantalum oxide (Ta2O5).

2. Those in which the d shell is partially filled

Examples are molybdenum dioxide (MoO2), tungsten dioxide (WO2), osmium

dioxide (OsO2), titanium monoxide (TiO), niobium monoxide (NbO), chromium

dioxide (CrO2), rhenium dioxide (ReO2), ruthenium oxide (RuO2), rhodium oxide

(RhO2), and rhenium trioxide (ReO3).

Metal oxides with d0 cations at octahedral sites exhibit spontaneous ferroelectric

and antiferroelectric distortions. Many of them lose oxygen at high temperatures

becoming nonstoichiometric. Oxygen loss or insertion of electropositive metal

atoms into these oxides place electrons in the conduction band. The nature of elec-

tronic conduction in such materials depends on the strength of electron�phonon

coupling and the width of the conduction band derived from metal d states.

Transition metal oxides containing partially filled d states show unusual interest-

ing properties and may behave as metallic or semiconducting [45]. In recent years,

the field of metal oxides and powders, as well as their composites, both in bulk and

thin-film form, has become a subject of intensive study by materials scientists

because of their novel characteristics and applications. This area gives a wide scope

to researchers to explore challenging problems in theoretical and experimental

investigations [46]. In addition, one can also have challenges in protecting these

oxides from the environment, that is, protection from heat, chemical reaction with

other environmental gases, so on [47,48].

The thin layer of material deposited on the surface of the metal oxide or any

other material serves to protect it from the environment or any other exposure. In

other words, these coatings protect the materials and devices as a shield from degra-

dation of structures by creating a physical barrier in between the material and envi-

ronment. Metals, nonmetals, and ceramics can be used as protective coatings. In

addition to the protection, sometimes these functional coatings are used to change

the surface properties of metal oxides, such as morphology, structure, etc. Various

methods have been employed to deposit a layer which will be necessary to avoid

corrosion etc. Nowadays the study of synthesis and characterization of various

metal oxides has assumed more importance owing to the fact that they are increas-

ingly being used in various industrial and scientific fields for device applications of
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the emerging technologies. Moreover, these oxides can be used in the above appli-

cations either in bulk or thin-film form which increases the surface area to volume

ratio. Metal oxide thin films or nanoforms of metal oxide powders are chosen to be

used in various applications due to their significant enhancement in chemical, phys-

ical, and electrical properties compared with the bulk materials.

The thin-film form of metal oxide, which can be synthesized by various chemi-

cal and physical deposition techniques, is important for the enhancement of their

properties in the nanoscale region with widespread use in the fabrication and devel-

opment of miniaturized devices, and hence research in the fields of nanoscience

and nanotechnology have taken the center stage in materials science. The ability to

develop various versatile materials that exhibit various interesting properties with a

small change in composition or structure resulted in their extensive use in microop-

toelectronic devices, sensors, catalysis, energy storage devices, photonics, drug

delivery, etc. The metal oxide powders or thin films are very sensitive to the envi-

ronment, especially temperature. One of the methods to protect the films is the use

of thermal barrier coatings. Due to these thermal barrier coatings, one can protect

the components from destruction even at high temperatures and these coatings can

act as insulators as well as oxidation- resistant layers. Hence the efficiency of the

systems and devices can be improved. In addition to this, the thermal barrier also

needs to be resistant to corrosion when it is exposed to higher temperatures. For

example, AlTiN coating is used to increase the surface hardness, oxidation resis-

tance, etc. A few materials have the capacity of thermal absorption which is needed

for nuclear fusion applications and a few more materials are used for thermal con-

duction which transfers heat to the surfaces evenly. Depending on the purpose of

utilization in the devices one can select the material and deposition method to coat

on the surface of the metal oxide thin film. The thermal barrier coating materials,

especially for protection applications, need to have a porous structure which

changes with the thermal expansion during the heating and cooling process. In a

few cases, the phase stability is also necessary or else cracks will damage the device.

Considering all these aspects, one can list a few effective qualities of thermal

protective coatings for long service and sustainable over a large number of cycles

as follows:

1. The material should be chemically inert and thermally stable

2. No phase changes in between the operating temperature and room temperature

3. Metallic surface and the material should have same thermal expansion nature

4. Protective material should be strongly adherent to the substrate

5. Should have oxidation- and corrosion-resistant properties

6. Should possess optimum range of hardness

The oxidation-resistant metallic layer is serving as a bond coat which is directly

deposited on the metal substrate with a thickness of about 100 μm. Thermally

grown oxide is the next layer and the ceramic thermal barrier is coated on top. This

layer produces a high thermal gradient and retains the bottom layers at lower tem-

peratures. The degradations that may occur in the coatings are due to the voids and

porosity of grown oxides, open interfaces, failure in bond coats, etc.
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The most widely used materials for protection coatings are mullite (compound

of alumina and silica), alumina, zirconates of rare earth metals (BaO �ZrO2,

SrO �ZrO2, etc.), yttria-stabilized zirconia, glass ceramics, and metal glass compo-

sites (mixture of metal and glass). Thermal protection coatings are more useful in

automotive applications, gas turbines, diesel engines, and to enhance the bond

strength. This chapter attempts to give an idea about the importance of metal oxides

and the thermal protection coatings of the materials. It also aims to be helpful to

the reader to estimate the role of multifunctional metal oxides in advanced technol-

ogy and how one can protect these oxide powders by using various coatings depos-

ited by several techniques. In this context, it is very important to know about the

surface property of the layers of metal oxide powders and how to control the prop-

erties with a discussion of protection coating technologies, especially with regards

to the environment and in particular temperature. The coatings with high thermal

stability, which protect the metal oxide powders, either in bulk, thin-film, thick-

film, or nanomaterial form, from temperature variance and help them to maintain

their properties are known as thermal protection coatings or thermal barrier coat-

ings. These coatings, in general with advanced materials, are grown on the surfaces

of the metallic and oxide powders with an appropriate thickness of 200 μm to 1 mm

to insulate the components from high amounts of heat. The materials used in ther-

mal coatings should be stable and sustain a considerable amount of heat. The pro-

tection coating thus may allow higher operating temperatures without altering the

composition, structure, oxidation states, fatigue strength, and thermal stability of

the component. As the world has more demand for high-efficiency engines at higher

temperatures, there is a significant need to develop new thermal protection coatings

with better lifetime, response, durability, cyclability, and less thickness. As the

abovesaid qualities are totally dependent on the physical, chemical, and electrical

properties, which in turn depend on the deposition technique to develop a thin film

as a surface coating to protect the oxide layer, it is important to discuss the various

growth processes.

1.3 Metal oxides powder in dielectric materials

Zinc oxide (ZnO) powder is a widely used compound in many household, electrical,

and industrial products. Though naturally occurring in the mineral zincite, most pro-

duction originates from anthropogenic sources. Nanosized ZnO (nano-ZnO) can be

produced by the grinding of bulk ZnO, where it takes on a wurtzite crystalline

structure that can then be utilized for a number of applications. Nano-ZnO power

can be prepared by various methods. Some of them are as follows:

� Polyol medium hydrolysis method
� Gas condensation method
� Polymeric precursor method
� Pyrolysis (aerosol spray) method
� Hydrothermal method
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� Sol�gel method
� Solid-state microwave decomposition method

All the above mentioned methods are conventional methods as they require a

high rate of energy consumption that make them uneconomical. The most sustain-

able and economical method for ZnO powder synthesis is a precipitation method

[49]. Nano-ZnO serves as an n-type semiconductor due to its wide bandwidth

(B3.37 eV) [50]. Based on electric, thermal, and chemical stability, piezoelectric

and superconductive properties, nano-ZnO has many applications in devices, such

as piezoelectric cells [51], cholesterol and glucose biosensing [52], solar cells [53],

and photovoltaic transducers [54]. When in a powder form, nano-ZnO can be mixed

into foods, paints, pigments, adhesives [55], medical disinfection, and environmen-

tal remediation [56]. Due to UV�Vis luminescence and UV blocking properties,

nano-ZnO is used in personal care products, such as sunscreens and cosmetics [57].

The production of nano-ZnO and other metal oxides has been found to be popular

for cosmetic applications with an estimated 1000 t produced per year during

2005�10 [58].

1.4 Physical properties

Gallium oxide can form several different polymorphs, designated as α-, β-, γ-, δ-,
and ε- [59]. Polymorphs are different not only in their crystal space group but also

in the coordination number of Ga ions. All of these phases of gallium oxide can be

prepared under specific conditions [59,60]. The first polymorph, α-Ga2O3 is a

rhombohedral, space group R3c analogous to corundum (α-Al2O3). This polymorph

can be synthesized by heating GaO(OH) in air between 450�C and 550�C [59]. The

second form, β-Ga2O3 has a monoclinic structure and belongs to space group C2/m.

This form of Ga2O3 can be obtained by baking any other polymorph of Ga2O3 in

air at a sufficiently high temperature. When it comes to other polymorphs, little

data is available because structural characterization has been hampered by their typ-

ically poorly crystalline nature. It is commonly agreed that the third form, γ-Ga2O3

has a defective cubic spinel-type structure (MgAl2O4-type) with Fd3m space group.

The fourth and fifth polymorphs, called δ-Ga2O3 and ε-Ga2O3 were first synthesized

and described by Roy et al. [59]. The authors proposed that δ-Ga2O3 form has a C-

type rare-earth structure analogous to Mn2O3 and In2O3. As for the ε-Ga2O3 poly-

morph, Roy et al. were able to measure the powder’s XRD pattern which was dis-

tinct from all other known polymorphs, but could not determine the structure of the

ε-polymorph. A more recent publication by Playford et al. [61] shows that the origi-

nal assumption was not correct as δ-Ga2O3 is merely a nanocrystalline form of

ε-Ga2O3 and not a distinct polymorph. The structure of ε-Ga2O3 was simulated

using density functional theory, and shown to be in the space group Pna21, the

same as for κ-Al2O4 and ε-Fe2O3 by Yoshioka et al. [62]. In contrast, the experi-

mental results presented by Playford et al. do not support that assumption as

ε-Ga2O3 was found to belong to the P63mc group of symmetry. The structure is

6 Metal Oxide Powder Technologies



similar to that of a disordered hexagonal ε-Fe2O3 [63]. Playford et al. also observed

the formation of a transient polymorph κ-Ga2O3 which is an analogue of ortho-

rhombic κ-Al2O3.

1.5 Properties of GaO

The β-form is the most common and well-studied polymorph of gallium oxide.

β-Ga2O3 is the only stable polymorph through the whole temperature range up to

the melting point, whilst all other polymorphs are metastable and transform into the

β-Ga2O3 at temperatures above 750�C�900�C [64]. The thermal stability of

β-Ga2O3 makes it possible to produce bulk single crystals and epitaxial films via

high-temperature processes such as crystallization from a melt or vapor phase epi-

taxy. Among the other polymorphs of gallium oxide, β-Ga2O3 has attracted more

attention from researchers because of its availability and outstanding properties.

Although β-Ga2O3 is well-characterized compared to other Ga2O3 polymorphs,

there are still some discrepancies in the published data on material properties.

1.6 Characterization and analysis

The colloidal nanoparticles have significant features depending on laser fluence, as

shown in our results. These colloidal nanoparticles prepared by PLA depend on the

liquid medium. To produce oxide-based nanoparticles [65], the ablation method in

ethanol has been used. The characterizations of GaO nanoparticles produced by the

PLA technique in ethanol were performed. The synthesized nanoparticles from

GaO target were irradiated by a laser beam with 360 pulses for 1 minute, as shown

in Fig. 1.1. The produced nanoparticles were almost spherical or quasispherical at

laser peak fluence of 160, 95, 60, and 30 J/cm2. The nature of interaction in ethanol

results in nanoparticles with different sizes.

Fig. 1.1 shows the histograms of the GaO nanoparticles obtained in an ethanol

environment. It is noticed that nanoparticles of size 2 nm are produced during laser

ablation. Actually, GaO in ethanol results in a narrow size distribution and it is also

observed that colloidal nanoparticles size varies up to a few tens of nanometers.

The formation of nanoparticles has different mechanisms, which leads to different

mean size and size distribution of GaO nanoparticles in an ethanol environment.

These differences are attributed to various optical features, such as optical

absorption, and other physical properties listed in Table 1.1, that is, thermal conduc-

tivity, electron�phonon coupling constant, melting and boiling points, and surface

energy, that influence the nanoparticles evolution [39,67]. It is well-known that the

formation of smaller nanoparticles’ sizes is attributed to the interaction of GaO in

ethanol that affects the material’s bonds. The formation of larger nanoparticles is

attributed to the agglomeration tendency of the nanoparticles, which is more promi-

nent in the ablation process. The colloidal GaO nanoparticles produced in ethanol
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Figure 1.1 TEM images corresponding to histograms: (A) 160 J/cm2; (B) 95 J/cm2;

(C) 60 J/cm2; and (D) 30 J/cm2 [66]. TEM, Tunneling electron microscopy.
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have a narrow distribution and a small size, as revealed by TEM images.

Furthermore, the nanoparticles mean size increases as laser fluence increases.

Colloidal nanoparticles sizes for different laser fluences are given in Table 1.2. The

absorption spectra of colloidal nanoparticles are measured within a range of

200�900 nm, as shown in Fig. 1.2. It is evident that ns laser radiation at fluences

of tens of J/cm2 can be effectively coupled to an ensemble of metallic nanoparti-

cles. The coupling efficiency of radiation to nanoparticles depends on the proximity

of the laser wavelength to the plasmon frequency of charge carriers. The energy is

transferred from electrons to lattice within 3�5 ps. This coupling results in modifi-

cation of their absorption spectrum and has a direct effect on the control of both

size and shape of nanoparticles [68,69].

The intensity of absorbed light varies with wavelength, as shown in Fig. 1.2, due

to surface plasmon resonance that depends on nanoparticles concentration and

dimensions [70]. The production of colloidal nanoparticles depends on both the

Table 1.1 Some physical properties of GaO [39].

Physical properties Target GaO

Lattice constant (Å) a5 5.120, c5 8.792

Thermal conductivity (W/m K) 10.9

Specific heat (J/g/K) 0.56

Dielectric constant 9.9�10.2

Refractive index 1.9523

Density at 300K (g/cm3) 5.88

Molar mass (g/mol) 187.44

Bulk modulus (GPa) 199a

aRef. [65].

Table 1.2 Structural properties of GaO colloidal nanoparticles in ethanol for different

laser fluences [66].

Laser

fluence

(J/cm2)

2θ Average

particle

size (nm)

Miller

indices

(h k l)

Interplanar

distance

(d) (Å)

Lattice

constants

(a and c) (Å)

160 43.96 22.5 2 0 2 2.057 a5 5.82

c5 7.11

95 44.00 15.4 2 0 2 2.0562 a5 5.815

c5 7.98

60 43.91 10.2 2 0 2 2.0617 a5 5.83

c5 7.12

30 44.00 10 2 0 2 2.0561 a5 5.81

c5 7.1
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target material and liquid environment. The ablation process clearly depends on the

optical absorption. As laser fluence increases, the absorption increases due to

increasing production of colloidal nanoparticles. When the laser intensity increases,

the optical breakdown occurs which reduces the laser energy absorption at the sur-

face of target. The threshold intensity depends on the liquid environment. It is

observed that the liquid medium is initially pure, while the ablation process makes

it impure. For a GaO target in ethanol, the optical breakdown occurs at laser fluence

of 160 J/cm2.

The GaO colloidal nanoparticles produced by PLA have been investigated for

different laser fluences by XRD, as shown in Fig. 1.3. XRD patterns have provided

information about the structural properties of colloidal nanoparticles. The GaO col-

loidal nanoparticles have seven major diffraction peaks depending on laser fluence.

Table 1.3 summarizes the major diffraction peaks which appear at their respective

values of 2θ, along with attributed crystal diffraction planes for laser fluence of 30,

60, 95, and 160 J/cm2. All mentioned peaks are exactly matched with the hexagonal

structure of GaO colloidal nanoparticles.

We noticed that the highest peak at (2 0 2) plane is obtained at laser fluence of

160 J/cm2. The lattice constants (a and c) were investigated from XRD patterns

of (2 0 2) plane, using the given Eqs. (1.1)�(1.3) according to the hexagonal sys-

tem. Table 1.2 displays the values (a and c) along with other structural properties at

different laser fluence. The interplanar distance (d) was calculated using Bragg’s

law [71]

d5
nλ

2sinðθÞ (1.1)

Figure 1.2 UV�Vis absorption for (a) 160 J/cm2; (b) 95 J/cm2; (c) 60 J/cm2; and

(d) 30 J/cm2 [66]. UV�Vis, Ultraviolet�visible.
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where λ is wavelength of XRD using (λ5 1.5406 Å) and θ is Bragg’s angle.

Lattice constants (a and c) for tetragonal system were calculated from XRD

patterns

1

d2
5

h2 1 k2

a2
1

l2

c2
(1.2)

Figure 1.3 XRD patterns for (a) 160 J/cm2; (b) 95 J/cm2; (c) 60 J/cm2; and (d) 30 J/cm2

[66]. XRD, X-ray diffraction.

Table 1.3 Major diffraction peaks at 2θ along with attributed crystal diffraction planes

[66].

Laser fluence

(J/cm2)

2θ (degree) Attributed diffraction planes

30 8.254, 9.952, 17.000, 26.850,

32.015, 38.014, 44.800

(1 0 0), (1 1 0), (1 1 1), (1 2 0),

(0 0 2), (1 0 1), (2 0 2)

60 8.154, 9.964, 15.785, 29.000,

30.015, 38.014, 44.800

(1 0 0), (1 1 0), (1 1 1), (1 2 0),

(0 0 2), (1 0 1), (2 0 2)

95 9.987, 16.025, 32.015, 38.014,

44.800

(1 1 0), (1 1 1), (0 0 2), (1 0 1),

(2 0 2)

160 7.689, 9.952, 16.000, 26.000,

32.015, 38.014, 44.800

(1 0 0), (1 1 0), (1 1 1), (1 2 0),

(0 0 2), (1 0 1), (2 0 2)
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where h k l is Miller indices, a and c are the lattice constants. By combining

Eqs. (1.1) and (1.2), a and c can be calculated in terms of sinθ.

sin2θ5
λ2

4a2
h2 1 k2
� �

1
λ2

4c2
l2
� �

(1.3)

1.7 Conclusion

GaO nanoparticles prepared by the PLA technique in an ethanol environment were

investigated for the first time in the literature. According to the obtained results, it

is concluded that the ethanol environment plays an important role in affecting the

nanoparticles’ size and size distributions. The results showed that as laser fluence

increases, the nanoparticles’ size increases along with wider size distribution, fol-

lowed by an increase in the optical absorption. The different sizes of nanoparticles

are attributed to different laser-induced fragmentation and agglomeration of nano-

particles. The generation of GaO nanoparticles with different size distribution using

a laser ablation technique in a liquid environment is a very promising approach for

nanotechnological applications.
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2.1 Introduction

The discoveries of science have been tremendously successful in making our metal

oxides become more visible in many applications and widely used as active cata-

lysts or supporting materials [1]. Metal oxide can be classified as a chemical com-

pound that is formed from metal ions (cations; Na1, Li1, Zn21, Ti31, W31, Mo31,

V51, etc.) and oxygen (as anion with an oxidation state of 22). Typically, metal

oxides are formed in some basic properties and usually form as solid at room tem-

perature. Metal oxides are insoluble in water and produce salts with acids. But still

there are metal oxides that are acidic or amphoteric in nature and form salts with

bases in the neutralization reaction. Metal oxides make up of a class of inorganic

materials and their surface chemistry and quantum effects in tandem will dominate

their properties as they are reduced to nanosize. The oxygen anion will terminate

the oxide surfaces because its size is larger than the metal cations [2,3]. In the con-

text of semiconductors, the defect, diffusion, and reaction kinetics in metal oxides

surface and interface also become important features in determining the properties,

that is, catalytic, magnetic, mechanical, electronic and electrical, and many other

properties. The nature of metal oxides chemical bonds is rather similar even in dif-

ferent electronic states. In a subsequent section, we will discuss in general the

chemical bonds present in metal oxide, the defects and diffusion in metal oxide,

and consider titanium dioxide (TiO2) and zinc oxide (ZnO) in order to study the

chemical properties of metal oxide powder.

2.1.1 Chemical bond present in metal oxide

An effective chemical bond in metal oxides produces a stable interface, and it

affects the nanoscale behavior and its properties. The electron configuration deter-

mines the bonds that are present in metal oxides, which can be ionic, metallic, or

covalent bond. The valence electrons that occupy the outermost shell in the element

will participate in bonding to form aggregates. In this context, we consider the

aggregates as metal oxides. Ionic bonding consists of both metal�nonmetal ele-

ments. Covalent bonding occurs by sharing of electrons between adjacent atoms to

form a stable electron configuration. Meanwhile, metallic bonding occurs in
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metal�metal and its alloys. However, it is difficult to determine the bonding

present due to the dissimilar electronic atomic configuration in materials [4]. To

understand the interface bonding, the differences in lattice parameters and the elas-

tic constant of metal oxides need to be taken into consideration. High-resolution

transmission electron microscopy can be used to study both the lattice parameter

and elastic constant [5,6]. In addition, the image charge theory (ICT) helps in

understanding the metal oxides’ interfacial bonding [4,7�9]. Theoretically, ICT

investigates the charge response of a metal surface or imperfect conductive surface

[10,11]. In this context, the metal oxide is a semiconductor. This approach presents

the physics of the image theory taken into account for the charges contained in the

metal oxide interface. ICT focused on the geometry that existed between the

charged particles and the surface ground [10,11]. Electrostatic or dipole moment

curve responses from the reflection of the conducting plane can describe the atomic

character of the metal oxide surface and whether it has ionic, covalent, or metallic

bonding. Specifically, there are two methods to calculate the electrostatic potential,

whether it comes from a point charge or a perfectly conducting surface [11,12].

Generally, the metal oxide chemical bond is determined from a few techniques

such as ab initio self-consistent field wave functions. Ab initio quantum chemistry

is different from other computational methods as it applies a solely quantum

mechanics nature law in the determination of metal oxide chemical bond.

Additionally, it is calculated from the multireference configuration interaction

expansions [13]. Also, the determination of metal oxide interaction or chemical

bond is calculated by considering the first principle calculations (the atomic bond-

ing and electrical potential) [14]. Also, there are a few researchers who have stated

that metal oxide interface bonding can be defined from local-potential and kinetic-

energy densities [15].

2.1.2 Defects and diffusion in metal oxides

Thus far it has been tacitly assumed that perfect order exists at the atomic level in

crystalline materials. However, such an idea does not exist in solids, and all contain

defects or imperfections. Defects are classified as lattice irregularities on the order

of an atom’s diameter. Additionally, defects-influenced properties depend on the

oxides themselves, the temperature, and the activities of the component. In general,

defects are categorized as point defects (vacancies and self-interstitial, impurities in

solids, composition specification) and other imperfections (dislocations�linear

defects, interfacial defects, bulk or volume defects, and atomic vibrations) [16].

Point defects in metal oxides have limiting groups as follows (Fig. 2.1):

1. Metal deficient oxides (metal vacancies)

2. Metal excess oxides (metal interstitials)

3. Oxygen deficient oxides (oxygen vacancies)

4. Oxygen excess oxides (oxygen interstitials) [17,18]

Important features to distinguish point defects and extended defects (line

defects�dislocations and planar defects�grain boundaries) are the atomic
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composition, the crystalline phase structure, and the electronic defects (the probabil-

ity of an electron occupying energy states). Electronic defects are sometimes called

thermodynamic defects since they are temperature-dependent defects. For an intrin-

sic semiconductor, the number of the electrons in the conduction band is equal to

the number of holes in the valence band (Eq. 2.1), given by:

n5 ne 5 nh 5 n0 exp
2EG

2kT

� �
(2.1)

where n0 is the constant and EG is the energy gap.

For extrinsic semiconductors, carriers in the electrically active bandgap are inte-

grated into localized energy levels. In this context, the electronic defects are consid-

ered as donor state (give electrons to the conduction band and increase n-type

conductivity) on certain semiconductor energy bands which are just below the con-

duction band. Furthermore, it can also create an acceptor state to accept an electron

from the valence band. Therefore the conductivity for p-type semiconductors will

increase. The total number of charge carriers is given by (Eq. 2.2)

ntotal 5 ne dopantð Þ1 ne intrinsicð Þ1 nh intrinsicð Þ

5 n0 exp 2
ED

2kT

� �
1 2n0 exp 2

EG

2kT

� � (2.2)

where n0 is the constant, EG is the energy gap, and ED is the donor energy level.

Since most metal oxides have a wide bandgap and often a high content of

impurities, most electronic defects are the extrinsic type [2,19].

Figure 2.1 General schematic diagram of defects consisting of metal deficient oxides

(metal vacancies), metal excess oxides (metal interstitials), oxygen deficient oxides

(oxygen vacancies), and oxygen excess oxides (oxygen interstitials).
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Defect-influenced properties are the physical and chemical properties of a metal

oxide that are affected or determined by defects. Lattice diffusion is affected by

point defects and mechanical properties are greatly affected by dislocation and

grain boundaries. Nevertheless, dislocation and grain boundaries are responsible for

diffusion transportation and solid-state reactions (Fig. 2.2) [17,20]. In summary for

defects and diffusion in metal oxides, electronic conductivity is proportional to the

concentration of electronic defects while lattice diffusion is proportional to point

defects and their mobility.

2.2 Titanium dioxide chemical studies

Titanium dioxide (TiO2) is a unique material that is widely used in many high-end

applications, such as medical instruments and supplies, houses (interior and exte-

rior), vehicles, electrical products, roads, agriculture, air treatment, and water and

soil treatment. All of these applications use TiO2 in the presence of light. TiO2

nanostructures consist of zero-dimensional TiO2 nanoparticles; one-dimensional

(1D) TiO2 nanotubes, nanorods, nanowires, and nanobelts; two-dimensional (2D)

TiO2 nanosheets; and three-dimensional (3D) TiO2. Nanoporous [21] TiO2 contains

a series of TiO2 polymorphs (crystal structures) such as anatase, brookite, and

rutile. These TiO2 polymorphs can be produced by controlling experimental condi-

tion, such as synthesis method, pH, annealing temperature, and duration, and these

polymorphs affect the end performance [22,23]. Certain conditions play roles in

influencing the formation of TiO2.

The synthesis temperature influenced nucleation and crystal development by

regulating solution solubility and supersaturation. A rise in the temperature gener-

ated a greater solubility, which resulted in smaller particle size and a greater super-

saturation index. Moreover, the amount, size, and quality of crystals were affected

Figure 2.2 Combination of point defects and planar and boundaries defects.
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by temperature. The rate of diffusion was lower, and equilibrium was slower at low

temperatures than at elevated ones. Crystallization happened more slowly at low

temperature. These relationships can also affect the packing of crystals and the ter-

minating of crystal growth. Thus the temperature has a major impact on crystal

nucleation, growth, packing, and termination [24,25].

Kinetic control (agitation rate) affected the chemical composition ratio of TiO2,

as it was directly proportionate to the rate of evaporation. Due to the introduction

of heat, solvent evaporation happened. Consequently, the mixture is rich in O ions

(including the water content) and have produced O atom-rich structure when the

rates of agitation increased. The mechanical energy of agitation can trigger colli-

sions among particles and therefore increase in the surface area. The agitation pro-

cess also controlled nanoparticle seeding of TiO2 (nucleation and crystal growth).

The rate of agitation is directly proportional to the rate of evaporation [26�28].

The solvent (including water and alcohol) evaporated in that case due to the

increase in temperature. The solubility of precipitation�peptization solution was

affected by the solvent content. An increased agitation speed resulted in a high

evaporation rate and a low solubility and supersaturation index. Thus instead of

nucleating a new crystal, the crystal grew. Increased stirring therefore generated a

larger crystallite size.

Many arguments have arisen in the determination of O�Ti�O bonding. But,

many researchers acknowledge that TiO2 has ionic�covalent bonding. B. Jiang

and his team revealed several features in Ti�O bonding for the rutile phase. In

TiO2, the Ti 3d electrons play a big role in Ti�O bonding. First, the charge

defects at the Ti-atomic site and the excess charge at the O-atomic site show a

charge transfer between Ti and O atoms (ionic bonding). Second, in the Ti-atom

site, the greater charge deficit region along with the crystal in the c direction are

similar to an orbital hole type dx
2. Third, both O and Ti atoms show a nonspheri-

cal distribution of the valence-shell load representing covalent bonding.

Therefore Jiang et al. claimed that TiO2 has ionic�covalent bonding in the rutile

phase [29]. In addition, C. Sousa and her team also agreed that TiO2 possessed

an ionic�covalent bonding. Their ab initio cluster model approach showed that

the degree of ionicity in TiO2 is far below the degree of the fully ionic situation

and henceforth TiO2 presents a considerable covalent character. C. Sousa found

that in the determination of ionicity, the energy associated with V(O;O)

decreased and contributed to the reduction of the initial Pauli repulsion (approxi-

mately 0.6 eV). At the same time, energy larger than 10 eV was obtained after

[O6]
122 was allowed to mix with the empty cation orbitals and hence allowed the

charge transfer from [O6]
122 to Ti cation. This situation is called covalent mixing

[30]. K.M. Glassford and his team also stated that TiO2 has ionic�covalent bond-

ing. He used ab initio pseudopotentials constructed within the local density

approximation and plane�wave basis techniques in the determination of bonding

in TiO2. Based on the independent-atom model, the formation of charge density

showed that (ı̄ 1 0) plane has a threefold-coordinated oxygen atom with C2v

site symmetry and a Ti atom with D2h site symmetry, causing the lobes distortion

of negative deformation of [0 0 1] direction. Thus these are the prominent
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features of covalent character with a small amount of ionic character in the

Ti�O bonds [31].

Another chemical study on TiO2 surface looked at the formation of hydrogen

bonds during the interaction of TiO2 with an organic solvent, water, carbon dioxide,

and oxygen with the association of oxygen vacancies. The creation of two OH

groups at the TiO2/water interface can efficiently dissociate water from oxygen

vacancies [32�36]. According to Žerjav et al. and Braun and Hauser, the interac-

tion of TiO2 with water molecules leads to another surface chemistry of the various

hydration layer chemistry, formed at the surfaces of (1 0 1) and (0 0 1) anatases

nanocrystals facets, where molecules adsorbed water and titanols, respectively

[37,38]. Žerjav et al. also agreed that the weak hydrogen binding on both (1 0 1)

facets is equivalent to bulk water, while strong hydrogen bonds with hydroxyl sur-

faces at (0 0 1) facets form a layer comprising acidic protons and serve as hydrogen

bonding sources [37]. Chen et al. and Yamamoto et al. supported the above state-

ment with hydroxyls on the surface acting as the anchor for water adsorption, form-

ing hydrogen bonds with water molecules which caused water adsorption in

multiple layers [32,39].

Meanwhile, S. Huygh stated that the interaction of TiO2 with carbon dioxide

(CO2), associated with oxygen vacancy defects leads to a new highly

stable adsorption with a stronger C�O activation. This leads to a possibility for the

exothermic dissociation of carbon dioxide from barriers up to 22.2 kcal/mol with a

chemical lifetime less than 4 s at 300K. These reactions produce a CO molecule

that easily desorbs and oxidizes the reduced surface. Oxygen vacancy defects play

a key role in the catalytic activity of the surface of anatase (0 0 1) [40]. H. Zhao

showed that TiO2 surface defects affected the CO2 photoreduction with water. First,

surface defects of TiO2 can improve dissociative adsorption of carbon dioxide and

H2O molecules. Second, the change in the structure of the TiO2 electronic band

caused by the defect can help improve the efficiency of absorption by sunlight; and

third, the defect charge carrier traps can impede recombination of the charge and

defects can contribute to electrons’ surface migration [41]. On the other hand, Ok

et al. claimed the thermal conductivity of TiO22x was considerably reduced by pla-

nar defects owing to strong phonon scattering caused by planar defects, and was

22% lower than in point defects [42]. The planar and boundaries studies are still

lacking in TiO2 for the determination of end properties.

2.3 Zinc oxide chemical studies

Zinc oxide (ZnO) is complex and has a variety of 1D (nanorod, nanotube, and

nanowire), 2D (nanodisk and nanosheet), and 3D (nanodendritic) forms. Each ZnO

nanostructure possesses its unique characteristics, such as the capability of electron

mobility and electron scattering that will influence the final performance of any

future application [43]. The most famous ZnO crystal structure is wurtzite (hexago-

nal close-packed sublattices) due to its thermodynamically stable phase as
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compared to zinc blende, which has a face-centered facet and is metastable [44,45].

Meanwhile, another rock salt structure can only be obtained after application

with high pressure. ZnO possesses ionic bonding because the total charge density

retains a large amount of ionicity with no or less degree of covalency [44].

A large amount of ionicity in ZnO occurs because it has a high difference of

electronegativity between the zinc and oxygen atoms, and thus causes an intense

repulsion among the clouds of nearby atoms with comparable electric charge,

making their crystalline structure more stable in the form of the hexagonal crystal

structure (wurtzite) [46].

The surface chemistry of ZnO shows the existence of a dipole moment (in the

case of zincite) which leads to the two different polar surfaces with the (0 0 0 1)

being zinc-terminated and the (0 0 0 ı̄) terminated by an oxygen atom. These polar

surfaces are unstable, and to achieve the phase stability, the Zn and O atoms at the

ZnO surface will perform the geometrical rearrangement or metallization (charge

transfer) [47,48]. The process used in the formation of ZnO nanostructures influ-

ences the surface tension, particle size, and surface energy. Thus these characteris-

tics will affect ZnO properties and performance. In particular, the difference in

surface energies from two different planes ({1 0 ı̄ 0} and {0 0 0 1}) of ZnO crystal

growth facilitates the kinetically controlled anisotropic crystal growth along the c-

axis. Thus rod-like ZnO nanoparticles are often observed [47,49].

Meanwhile, the classical theory of the nucleation, crystal growth, and ripening

of ZnO nanostructures show that large supersaturation will increase the nucleation

rate and reduce the crystal growth, thus producing small ZnO particles. On the other

hand, an increase in surface tension or interfacial tension will increase the dielectric

constant (referred to as the liquid phase synthesis procedure), and then it will

increase the solubility of the solution, and proceed with low supersaturation and a

decrease in nucleation rate. Therefore the increase in surface tension will produce a

bigger particle size [50]. This intrinsic polarity of the crystal structure that arises

from surface tension and surface energy encourages crystal growth and leads to

spontaneous polarization, plasticity, and piezoelectricity properties [51]. The parti-

cle size and morphology of ZnO nanostructures are highly affected by the electronic

and electrical properties, and these characteristics are controlled by the electron

mobility and electron scattering, thus differentiating the electronic performance

from one structure to another.

Meanwhile, the adsorbed oxygen and zinc interstitial at the ZnO surface also

will influence the electrical and photoconductivity properties of ZnO nanostructures

[52]. It has been proven by past research that the surface charge density is highly

influenced by the size of ZnO nanostructures; with size smaller than 10 nm the

nanostructures will produce a high surface charge density [53,54]. In addition to the

size of reduced nanostructures, the surface area and the number of edges, kinks,

and defect site density will increase, resulting in “hot spots” of dissolution. The dis-

solution property is important in long-term stability, especially in environmental

and health application [53].

In the ZnO research of photoluminescence, some defects such as zinc vacan-

cies, interstitial zinc, oxygen vacancies, interstitial oxygen, and oxygen antisites
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were primarily associated. The exciton recombination process in the region of

350�450 nm is determined and caused by a recombination of free excitons,

which indicates the good crystalline nature of the ZnO [55,56]. ZnO nanorods

had the highest arrangements for crystallinity as their minimum emissions were

in the 50�450 nm region (UV area), but low emissions were found in the

600�700 nm region (orange�red region). Small intrinsic defects were caused by

the presence of excess oxygen, such as the oxygen interstitial [57]. But the ZnO

synthesized from the higher voltage of the electrodeposition technique showed

combinations of more than one defect in its atomic structure. This combination

of defects can be oxygen vacancies and zinc interstitials based on the literature,

VoZni [58]. Green emissions of photoluminescence were typically due to oxygen-

based defects [58�61]. Also, ZnO had a broad peak covering the green, yellow,

and orange region generated by a mixture of both defects, that is, oxygen vacan-

cies and the zinc interstitials defects [58,62]. Nevertheless, few researchers have

suggested that ZnO containing large Zn(OH)2 quantities may generate a wide

green, yellow, and orange area [57,63]. A reason, in this case, could be due to

insufficient annealing.

For dense structures of ZnO with fewer defects, the photoluminescence of the

500�800 nm region showed superlative performance, but with a high recombina-

tion rate of the 350�450 nm region [43]. Bulky ZnO always possesses a dense

structure of ZnO. In addition, due to the presence of high oxygen vacancies within

the ZnO bulk, the electronic performance for amorphous ZnO was poorly demon-

strated, indicating the increasing number of recombination centers [64]. The recom-

bination centers, which were the main cause of enhanced trap states, significantly

led to the reduction of photoinduced charge carrier mobility back into contact with

the Zn itself. Moreover, the ZnO amorphous phase comprised high concentrations

of other material defects, including impurities, dangling bonds, and microvoids,

which also functioned as a center for charge carrier recombination and eventually

led to lower electronic performance [65]. K.Dai’s team and K.A. Alim’s team

claimed the shift of the Raman peak occurred due to the defects or impurities in the

nanocrystals, optical phonon confinement, laser irradiation heating, and the tensile

strain effect [66,67].

2.4 Modification of metal oxide

Great scientific interest was drawn by the dynamics in the metal oxide structure

and the promising functional characteristics. It has an immense nanoarchitecture,

and yet it has limited visible light absorption and fast recombination charge carriers

prevent further practices in electronic applications. The use of visible light from

solar energy and the reduction of the recombination of charge carriers are therefore

crucial to increase the effectiveness of electronic properties. The modification of

the metal oxide is thus necessary to improve the performance of its properties.
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Many possible modification techniques have been recently studied and actively

reported worldwide in order to improve metal oxides, such as metal-modified metal

oxide, nonmetal-modified metal oxide, polymer-modified metal oxide, and

semiconductor-modified metal oxide.

In the context of defects, Y. Ding and Z.L. Wang studied the planar defects in

ZnO nanobelt and nanowire formed from impurity doping, and it showed 0 1 1 1
� �

,

0 1 1 2
� �

, 0 1 1 3
� �

, and 2 1 1 2
� �

twins, I1, I2 basal plane stacking faults, and 1/6

2 0 2 3
� �

prismatic plane stacking faults and provided unique semiconducting prop-

erties, piezoelectric properties, and was biosafe [68]. In addition, R. Deng and team

claimed that the introduction of Sn metal in ZnO crystal structures produced an

improvement in near-band edge emission at 3.24 eV by which the peak became

broader and slightly shifted to a lower energy, therefore resulting in a minimization

of structural strain. It is due to the rearrangement of the order of surface energies

among {0 0 0 1}, f0 1 1 0g, and f2 1 1 0g surfaces, causing the nanobelts to grow

along the 0 1 1 0
� �

direction [69]. A lack of information for planar defects in metal

oxide was found.

Meanwhile, N.A. Abd Samad and her team have shown a number of defects,

such as zinc vacancies, zinc interstitials, oxygen vacancies, oxygen interstitials, and

oxygen antisites, in the photoluminescence studies for the hybrid TiO2�ZnO film.

The ZnO PL spectrum shows a UV emission band that is centralized at 380 nm and

a width (determined in the intrinsic defects) of the large-visible emission band [55].

With the increasing TiO2�ZnO dipping cycles, the PL intensity continued to

decrease. This is due to the rise of the TiO2 layer and is assigned to the charge car-

rier separation impact of ZnO and TiO2 (heterojunction) type-II band alignment

[70]. In order to achieve an excitonic charge separation state, the photogenerated

charge carriers in the staggered-band offset are separated and connected mainly into

the TiO2 and ZnO. The efficient separation of the charge carrier decreases the elec-

tron/hole recombination rate while also decreasing the PL intensity of the

TiO2�ZnO hybrid film [70�72]. Therefore the combination of semiconductor-

modified metal oxide may contribute to the improvement of charge carriers trans-

portation and reduce the recombination rate.

2.5 Conclusion

In conclusion, metal oxide possesses a variety of chemical bondings, for example,

TiO2 has ionic�covalent bonding and ZnO has a majority of ionic bonding within its

crystal structure. This is because different metals interact differently with oxygen to

form metal oxides. Therefore different bonding will appear and it will result in excep-

tional end properties. In addition, point defects and planar and boundaries defects

affect the transportation of charge carriers and provide recombination centers.

Therefore modification of metal oxide would improve its end properties by prolonging

the transportation of charge carriers and reducing the recombination rate.
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[13] N. López, F. Illas, The nature of metal-oxide chemical bond: electronic structure of

PdMgO and PdOMg molecules, J. Chem. Phys. 107 (18) (1997) 7345�7349.

[14] E. Tea, et al., Atomic bonding and electrical potential at metal/oxide interfaces, a first

principle study, J. Chem. Phys. 146 (12) (2017) 124706.

[15] G.V. Gibbs, et al., Classification of metal-oxide bonded interactions based on local

potential- and kinetic-energy densities, J. Chem. Phys. 124 (8) (2006) 084704.

[16] W.D. Callister, D.G. Rethwisch, Materials Science and Engineering: An Introduction,

Vol. 7, John Wiley & Sons, New York, 2007.

[17] P. Kofstad, Defect chemistry in metal oxides, Phase Transit. 58 (1�3) (1996) 75�93.

[18] D.M. Smyth, The defect chemistry of metal oxides, The Defect Chemistry of Metal

Oxides, Oxford University Press, 2000, p. 304. Foreword by D.M. Smyth. ISBN-

10:0195110145; ISBN-13:9780195110142.

[19] A. Thursfield, et al., Defect chemistry and transport in metal oxides, Chemical

Industries, vol. 108, Marcel Dekker, New York, 2006, p. 55.

26 Metal Oxide Powder Technologies

http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref11
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref18
http://refhub.elsevier.com/B978-0-12-817505-7.00002-6/sbref18


[20] T. Zhang, et al., A homogeneous metal oxide catalyst enhanced solid�solid reaction in

the hydrogen desorption of a lithium�hydrogen�nitrogen system, ChemCatChem 6 (3)

(2014) 724�727.

[21] X. Chen, A. Selloni, Introduction: Titanium Dioxide (TiO2) Nanomaterials, ACS

Publications, 2014.

[22] Y. Yu, et al., The design of TiO2 nanostructures (nanoparticle, nanotube, and

nanosheet) and their photocatalytic activity, J. Phys. Chem. C 118 (24) (2014)

12727�12733.

[23] M. Ge, et al., A review of one-dimensional TiO2 nanostructured materials for environ-

mental and energy applications, J. Mater. Chem. A 4 (18) (2016) 6772�6801.

[24] M. Giulietti, et al., Industrial crystallization and precipitation from solutions: state of

the technique, Braz. J. Chem. Eng. 18 (4) (2001) 423�440.

[25] S. Rohani, N. Tavare, J. Garside, Control of crystal size distribution in a batch cooling

crystallizer, Can. J. Chem. Eng. 68 (2) (1990) 260�267.

[26] S.C. Gad, Pharmaceutical Manufacturing Handbook: Production and Processes, vol. 5,

John Wiley & Sons, 2008.

[27] S. Lascelles, et al., Effect of synthesis parameters on the particle size, composition and

colloid stability of polypyrrole�silica nanocomposite particles, Colloid Polym. Sci. 276

(10) (1998) 893�902.
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3.1 Introduction

Metal oxide, particularly in the powder form, has attracted much interest due to their

tailorable electrical, magnetic, mechanical, and optical properties that can be used in

wide range of applications. Until recently, various metal oxide, such as TiO2, ZnO,

SnO2, CuO, and so on, were synthesized and studied for practical applications. The

synthesis and preparation of metal oxide powders can be dated back to 100 years ago.

Since then, many new methods and techniques have been reported for the preparation

of high-quality metal oxide powders. The motivation of these efforts is the irreplaceable

roles of these synthetic metal oxide powders in current and future industrial applica-

tions due to the absence of natural equivalents. Although some of the metal oxide can

be obtained naturally from minerals, however, these metal oxides are not easily avail-

able for applications due to some reasons. Naturally occurring metal oxides were

formed by the crystallization of multicomponent dry or aqueous melts into rocks fol-

lowed by weathering action of the natural agencies on the formed rocks during the old

geological times through millions of years involving prolonged interaction of a large

number of ionic constituents [1]. For this reason, naturally occurring metal oxides are

generally impure, and the variation of the composition of the minerals from different

origins is unacceptably large. Therefore the direct application of naturally occurring

metal oxides in the industry is almost impossible.

The efforts to enhance the purity of naturally occurring metal oxides to certain spe-

cifications are often uneconomical. Although the size distribution of metal oxide pow-

ders obtained by the milling of natural minerals can be controlled to a certain extent,

the size distribution of synthetic metal oxides powders can be optimized to obtain

desired size range, down to unagglomerated nanoparticles, or even nearly monosized

powders by recently reported processes in different scales of operation [2,3]. Besides,

some of the solution and vapor-based process can control the shape of the synthetic
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metal oxide particles [4], while natural metal oxide powders are generally angular in

shape due to the milling process. Generally, for most processing and applications which

require homogeneous microstructure for enhanced and uniform densification, the ideal

shape of the powder should be an equiaxed shape. The simplest equiaxed shape is that

of sphere. In this aspect, synthetic metal oxide powders of controlled size and shape

have advantages over the crushed and milled irregular powders from natural minerals.

For this reason, synthetic metal oxide powders that have controlled purity, size, and

shape are in favor of natural metal oxide powders from minerals.

In this chapter, recent progress on the synthesis and preparation of metal oxide

powders is highlighted. This chapter will present most widely reported processes of

metal oxide powder preparation, with relatively few descriptions about less

reported, new processes as and when felt necessary. This chapter is organized into

three sections. After a brief introduction of metal oxide powders in Section 3.1,

Section 3.2 focuses on the various approaches for rational synthesis and preparation

of various metal oxide powders, which can be divided into chemical methods, phys-

ical methods, and biological methods. This chapter ends in Section 3.3 with a con-

cluding remark on the recent progress and future challenges in this field.

3.2 Synthesis and preparation of metal oxide powders

Significant progress of synthesis and preparation of various metal oxide powders has

been achieved. The methods for the preparation and synthesis of metal oxide powders

can be broadly categorized into physical and chemical method. The physical methods are

mostly based on thermally and mechanically induced chemical reactions, while chemical

methods are based on the precipitation or decomposition of precursors to form new com-

pound [5]. Besides, biological methods that involved the fungi-mediated, bacteria-

mediated, and plant-mediated synthesis were also explored. For these methods, two

approaches are employed for the synthesis and preparation of metal oxide powders,

namely, bottom-up approach and top-down approach. A bottom-up approach is also

known as the self-assembly process, which involves the assembly of smaller building

blocks to form the desired structure, such as coprecipitation, sol�gel, hydrothermal, sol-

vothermal, microemulsion, and chemical vapor reactions [5]. On the contrary, the top-

down approach involves the removal or etching of bulk matter for the formation of the

smaller desired structure, including mechanical crushing, pulverization, grinding, milling,

mechanical activation, and mechanochemical reaction [5]. Both of these approaches were

used in the physical and chemical method for the preparation and synthesis of metal

oxide powders. In this section, recent progress in the synthesis and preparation of metal

oxide powders using chemical, physical, and biological methods are addressed.

3.2.1 Chemical methods

This section focuses on various chemical synthesis methods that are gaining rapid

popularity for large-scale production of metal oxide powders. Most of the metal
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oxide powders prepared through chemical methods are based on liquid processing.

The chemical pathways for the preparation of metal oxides powders are mainly

based on metal compounds, such as hydrothermal method and sol�gel method.

These methods normally involve the synthesis of a precursor gel of metal and

decomposition of precursor or gel to the desired structure and crystalline of

metal oxide powders under a certain temperature. In this session an effort has

been made to summarize, with suitable examples, the methods developed by the

researchers for the synthesis of metal oxide powders, especially nanopowders.

Therefore five most widely used chemical-based methods that have been devel-

oped are discussed in this section, which are sol�gel method, hydrothermal

method, chemical vapor deposition (CVD) method, thermal decomposition

method, and sonochemical method.

3.2.1.1 Sol�gel method

Sol�gel process, which is also called soft-chemistry or wet-chemical, is widely

used in metal oxide, materials science, glassy, and ceramic engineering. This

method might obtain functional material through low-temperature process. Sol�gel

can be briefly defined as the preparation of metal oxide material by preparing the

sol (mostly colloidal), gelation of the sol, and removal of the solvent [6]. An over-

view of the sol�gel process is shown in Fig. 3.1. Fig. 3.1 shows that sol�gel

method allows the preparation of solid from solution by using a sol or a gel as an

intermediate step at much lower temperatures than other methods. Plenty of metal

oxide has been synthesized using this method, such as ZnO [7�12], TiO2 [13�16],

and SnO2 [17�21]. Sol�gel method is a well-known process in synthesizing metal

oxide nanopowders due to its low temperature and low-cost process, using less

amount of precursor material for preparing sol solution, can be evenly spread on

the substrate, high purity process lead to high homogeneity, possibility of synthesiz-

ing highly volatile substances, and high melting temperature, and possibility of pro-

ducing various forms of structures. However, this attractive process still has its

disadvantages. One of them is the shrinkage of the product once it is dried. Besides

that, due to the different reactivity of the alkoxide precursors, the precipitation of

specific oxides during sol formation is possible. Third, it is difficult to avoid

hydroxyl group or residual porosity.

Commonly, the sol�gel process involves the use of a precursor in which the

solid material is mixed with a liquid solution (solvent). A colloidal solution

(sol) is formed after the mixture is undergoing hydrolysis and polycondensa-

tion reactions. Metal alkoxides (alcoholates and propoxides) and metal salts,

such as nitrates, acetates, perchlorates, and chlorides, are precursors that nor-

mally used in the preparation of “sols.” Furthermore, the dielectric constant of

a solvent is the main factor for determining the polarity and solubility of the

precursor in solution. Generally, solvents with higher polarity have higher

dielectric constants. Apart from that, metal salts give high solubility in highly

polar solvents. Thus the solvent used must have a high dielectric constant to

dissolve the metal salt [22,23].
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Shojaie-Bahaabad and Taheri-Nassaj [24] prepared alumina (Al2O3) powder

through simple aqueous sol�gel method. They used aluminum chloride hexahy-

drate (AlCl3 � 6H2O), aluminum (Al) powder, and HCl as raw materials. In this

method, AlCl3 � 6H2O was first mixed with HCl then Al powder was added gradu-

ally into the solution. The mixed solution was stirred for 4 hours at 95�C then dried

for 48 hours at 85�C. The obtained dried gel was ground and calcined in a furnace

with varies temperatures (600�C�1400�C). Finally, the dried powder was ball

milled in ethanol media using a high dense alumina jar and highly pure alumina

balls. The obtained results showed that α-Al2O3 is hardly formed with gel heat trea-

ted below 1100�C. Besides that, Al2O3 sample heat treated at 1200�C showed the

particles were spherical in shape and in the range of 32�100 nm.

Omanwar et al. [25] synthesized inorganic Al2O3 nanopowders using citric acid

sol�gel, stearic acid sol�gel, and aldo-keto gel method. All these three methods

Figure 3.1 Overview of two synthesis process from sol�gel method; (A) films from a

colloidal sol; (B) powder from a colloidal sol transformed into a gel.
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used Al(NO3)3 � 9H2O. Among these three methods, stearic acid and acetic acid

were used in stearic acid sol�gel method, citric acid and ethylene glycol (C2H6O2)

were used in citric acid sol�gel method, while aldo-keto gel method used acetone

and benzaldehyde. It was found that sample prepared using stearic acid sol�gel

method gave the highest crystallite size but lowest bandgap, which are 33.1149 nm

and 4.2 eV, respectively. On the other hand, citric acid sol�gel prepared Al2O3

nanopowders showed the lowest crystallite size (29.3247 nm) but highest bandgap

(5.08 eV). Under fluorescence analysis, Al2O3 nanopowders showed an intense blue

luminescence at 224 nm irradiation. Besides that, blue emission peaks for stearic

acid sol�gel, aldo-keto gel, and citric acid sol�gel method were observed at 397,

399, and 401 nm, respectively. Omanwar et al. suggested that these materials may

be suitable for ceramic, sensing, and biocompatible materials application.

Jeyarani et al. [26] produced CuO nanopowders using sol�gel route with varies

concentration of glucose (0.1, 0.5, and 1 M), which acted as a capping agent. CuO

powder has been prepared by dissolving copper nitrate [Cu(NO3)2 � 3H2O] in etha-

nol and stirred for 1 hour at room temperature. Then, glucose was added into the

solution and stirred for another 40 minutes. The prepared solution has to undergo

gel formation by keeping it for 24 hours. Finally, the gel was dried, calcined, and

annealed at 200�C, 300�C, and 500�C, respectively. X-ray diffraction analysis

(XRD) results indicated that crystallite size of CuO nanoparticles decreased with

the increasing glucose concentration. This result was in good agreement with the

SEM image shows in Fig. 3.2, which shows the high tendency of agglomeration for

uncapped CuO nanoparticles. Besides that, the SEM image also shows that CuO

nanopowders became more homogeneous with the increase of glucose concentra-

tion. The Tauc’s plots indicated that CuO nanopowder without capping agent (glu-

cose) gave the lowest bandgap (1.7 eV) and the bandgap increased with increasing

capping agent concentration. This phenomenon might be due to the reduction of

particle size, which leads to the increase of bandgap.

By using sol�gel method, Wang et al. [27] successfully produced rutile TiO2 from

anatase phase of TiO2. In this process, two solutions have been first prepared sepa-

rately, which were mixture of titanium tetraisopropoxide (TTIP, 20 mL) and ethanol

(30 mL) and mixture of acetone (7.5 mL) with ethanol (15 mL). Both solutions were

then mixed and stirred for 90 minutes at room temperature. The gel product was then

aged at room temperature for 72 hours and dried at 50�C for another 72 hours. They

successfully transformed anatase phase of TiO2 to rutile phase after calcining at

1000�C for 1 hour. Besides that, they also reported that calcination duration can affect

the crystallinity of TiO2. According to Wang et al., crystallinity of rutile TiO2 increased

with the increasing calcination duration while the intensities of anatase TiO2 decreased

with increasing calcination duration. Besides TiO2, many doped TiO2 powder were

also synthesized through sol�gel method [28�31].

3.2.1.2 Hydrothermal method

Hydrothermal method, a promising approach in fabricating low dimensional hierar-

chical structure metal oxide, is an important and popular synthesis method, which
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gathered interest from scientist and technology, especially in the last 15 years. This

method was firstly used by a British geologist, named Sir Roderick Murchison.

Hydrothermal method, generally defined as crystal synthesis or crystal growth of

particles, involves heterogeneous reaction with the presence of aqueous solvent or

mineralizes and recrystallize material that are relatively insoluble [32]. This method

is usually conducted below critical temperature and the pressure of water, which

are 374�C and 22.1 MPa, respectively [33]. This process can be used to synthesis

materials with different types of geometry or morphology, such as thin film, single

crystal, nanocrystals, and bulk powder [32].

Compared to vapor-phase and other solution-based method, hydrothermal

approach has the advantages of energy saving, good in controlling the size and mor-

phology, easy on manipulation, and good capability and flexibility. There are many

factors that can affect the outcome of the synthesized product, such as solution pH

value, concentrations of the reactants, presence of surfactants, nature of the sub-

strate, deposition temperature, and time [34]. Many metal oxides have been suc-

cessfully synthesized by this method, such as ZnO [35�38], TiO2 [39�43], and

CuO [44�46]. A setup to synthesize nanopowders using hydrothermal approach

generally has a tubular reactor and consists of two parts. This setup consists of

syringe pump, two piston pumps, back pressure valve, flow mixer, electric furnace

with fluidized sand bed, cooler, pressure gauges, and manometers [47]. Another

type of hydrothermal setup is normally named as autoclaves or hydrothermal bomb.

Figure 3.2 SEM images of (A) CuO and glucose-capped, (B) CuO/0.1 M, (C) CuO/0.5 M

and (D) CuO/1 M nanopowder.
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This kind of setup is usually used for synthesizing powder or nanostructure under

harsh chemical condition, where the synthesis is conducted at high temperature,

high pressure, and/or with the presence of corrosive liquid. Therefore stainless steel,

tantalum, hastelloy, or titanium is normally used to manufacture this autoclave.

Besides that, inner wall of the autoclaves is coated with Teflon, which is inert with

most of the chemical.

Fang et al. [48] successfully synthesized spherical ZnO and flower-like ZnO

powders through facile hydrothermal method. For flower-like ZnO, they dissolved

0.25 g of zinc acetate dihydrate [Zn(CH3COO)2 � 2H2O] in 10 mL of deionized

water. Then, 2.1 g of sodium hydroxide (NaOH) mixed with 30 mL of deionized

water was added dropwise into the previously prepared solution. Next, 0.12 g sur-

factant cetyltrimethyl ammonium bromide (CTAB) was dissolved into the prepared

solution and subjected to 30 minutes sonic oscillation and heating in autoclave for

12 hours at 160�C. The precipitate was then dried in vacuum oven for 6 hours at

60�C. On the other hand, Fang et al. also used zinc acetate (4.4 g) and deionized

water (200 mL) to produce spherical ZnO by adding 7.9 g of glucose in the mixed

solution and autoclaved for 12 hours at 180�C and calcined at 600�C for 3 hours.

They successfully prepared one-dimension ZnO with hexagonal wurtzite structure

with the diameter of about 100�400 nm. Besides, Raman and photoluminescence

analysis also suggested that as-prepared ZnO exhibited excellent optical properties,

whereby Raman spectrum showed the ZnO hexagonal wurtzite structure contained

four atoms and this unit cell belonged to the space group of C_6v^4 (P6_m mc)

[49]. On the other hand, photoluminescence analysis showed a sharp peak and a

broad peak at 392 and 520 nm, respectively. The sharp peak was associated with

the UV emission eigen peak, while the broad peak might be due to defect-state

luminescence which was related to the electron acceptors or defects such as Zn

vacancy or O interstitials in ZnO. Besides that, this might also be related to the oxy-

gen adsorbed in ZnO grain boundaries [50,51].

In another study, Wang et al. [52] synthesized dumbbell-shaped ZnO powders

using facile hydrothermal method. In a typical procedure, 1.8 g of zinc nitrate hexa-

hydrate [Zn(NO3)2 � 6H2O], 20 mL of deionized water and ammonium hydroxide

(NH3 �H2O) were mixed and stirred for 20 minutes. Then, the mixture solution was

poured into a Teflon-lined stainless-steel autoclave and heated for 10 hours in an

oven. Finally, obtained product was kept dry at 80�C for 12 hours. The obtained

ZnO powders were in hexagonal wurtzite with calculated lattice constants of

a5 3.21 Å and c5 5.19 Å. This result was in good agreement with bulk hexagonal

wurtzite ZnO, which are a5 3.25 Å and c5 5.21 Å (JCPDS No. 36-1451) [53,54].

Aside from that, SEM images shows in Fig. 3.3 confirmed that synthesized ZnO

showed dumbbell shaped with hexagonal wurtzite structure. The measured

dumbbell-shaped ZnO length was about 5�20 μm and diameter of the middle part

and two ends were about 1�5 and 0.5�3 μm, respectively. Wang et al. claimed that

they successfully produced dumbbell-shaped ZnO powders that were not reported

previously [55�57]. In another study, Baranwal et al. [58] successfully synthesized

dumbbell-shaped ZnO powders using zinc acetate dihydrate, potassium hydroxide

(KOH), and starch. SEM images indicated that ZnO powders synthesized by using
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these chemicals also have dumbbell-shaped microstructures with the length of

5�13 μm. The diameter of the middle part and the end of the rods are 1.5�6 and

2�5 μm, respectively. Besides that, the surface of the dumbbell-shaped ZnO pow-

ders is rough and these dumbbell-shaped ZnO powders have spherical shape at both

ends.

3.2.1.3 Chemical vapor deposition

There are many definitions of CVD in the published literature. However, there is a

common definition to the CVD process—due to the chemical reaction, a solid mate-

rial is deposited through a complex process. A typical material is formed under this

deposition method or is commonly referred to as vapor ordered crystal growth. This

method is good for forming a high-purity and high-quality solid materials. This is

the method usually used in the semiconductor industry for depositing thin films. In

this method, raw materials in gaseous state are flown into the reaction chamber.

This process is actually just like physical vapor deposition (PVD). However, the

raw materials used in PVD is in the form of solid powder. CVD process for metal

oxide powder preparation involves the delivery of precursor in gas state (vapor)

into the reaction chamber. Once the precursor gas contacts with the heated

Figure 3.3 SEM images of the dumbbell-shaped ZnO microstructures with different

magnification: (A and B) low magnification; (C and D) high magnification.
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substrate’s surface, a chemical reaction occurs and decomposes and forms a solid

state which then deposits onto the substrate.

There are several types of CVD, such as low-pressure CVD (LPCVD), atmo-

spheric pressure CVD (APCVD), metalorganic CVD (MOCVD), and plasma-

enhanced CVD (PECVD). The deposition process of LPCVD process occurs at sub-

atmospheric pressures, while APCVD occurs at atmospheric pressure. PECVD

increases the rate of chemical reaction through plasma, and this process allows to

carry out at room temperature. MOCVD uses metallo-organics (types of chemical

compound that contain metal and organic materials) as a precursor. Due to unneces-

sary gas-phase which could be reduced in the deposition chamber, low pressures

deposition usually might increase the uniformity of the products. The advantages of

CVD method are CVD can be operated at a wide range of temperatures, different

orientations of substrate are possible, simple to operate, can accommodate several

substrates, and able to provide uniform substrate temperature. However, this method

has it disadvantages—deposition occurs not only at the substrate but also on reactor

walls and the consumption of precursor is large and difficult to control which may

result in feed-rate-limited deposition. Even so, there are researchers using CVD

method to synthesize metal oxide powders, such as TiOx [59,60], ZnO [61�64],

and In2O3 [65�67].

Singh et al. [68] produced ZnO nanocrystalline powder through ultrasonic mist-

CVD (UM-CVD). This UM-CVD setup consisted of three zones—ultrasonic spray

zone (composed of a liquid source atomization system with an ultrasonic atomizer

and an ultrasonic atomized droplet carrying system with air carrier gas), evapora-

tion zone (heating zone, where the atomized droplets were pyrolyzed in a preheated

reactor maintained at 400�C and deposition zone (used to capture the produced

powder). In their study, 0.1 M of zinc nitrate [Zn(NO3)2 � 6H2O] was used as the

precursor. Then, liquid atomization was used to deliver the zinc nitrate solution to

the reactor. Then, atomized droplets that contained precursor passed through the

reactor and finally collected on a special geometry. Singh et al. reported that the

obtained ZnO particles have hexagonal wurtzite structure with the crystallinity of

ZnO powder increased with the increase of temperature. In addition, Singh et al.

also observed that as the temperature rose from 100�C to 1000�C, the lattice para-

meters (“a” and “c”) and particle size increased.

Lukić et al. [69] produced alumina (Al2O3) nanopowders through chemical vapor

synthesis method. In their study, aluminum-tri-sec-butoxide (ATSB) and oxygen gas

were used as the starting materials. A bubbler filled with liquid ATSB was placed in

an oil bath. The temperature was controlled at 165�C. Then, helium gas (carrier gas for

ASTB) was flowed at 200 and 300 sccm and the oxygen gas was controlled at

1500 sccm. Besides that, alumina tube was heated at 900�C. The entire process was

done at low pressure of 20 and 30 mbar. Their XRD results confirmed the formation of

η- and γ-alumina, respectively. They also reported that the crystallinity and crystallite

size of Al2O3 increased from the entrance, in the tube and after the collector. This is

due to the presence of noncrystalline phase in the powder which might contain more

residual organic and unreacted precursor. The synthesized nanopowders composed of

very fine primary particles with loose agglomeration.
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Other than η- and γ-alumina phases, other phases of alumina such as δ-, θ-, κ-, and
χ- alumina were also produced. For example, Dhonge et al. [70] produced γ- and θ-
alumina using combustion CVD. In their experiment, 0.005 M of aluminum acetylace-

tonate dissolved in ethanol was used as the precursor. Aluminum acetylacetonate was

atomized through static ultrasonic nebulizer using 1.7 MHz resonator and the deposi-

tion temperature was set at the range of 600�C to 900�C. The XRD results indicated

that γ- and θ- alumina phase exist in the sample deposited at 600�C to 800�C while

high intensity and sharp peaks of θ-alumina phase were observed at 900�C.

3.2.1.4 Thermal decomposition processing

Thermal decomposition (also called thermolysis) is caused by the chemical decom-

position of a material under high temperature, in which the decomposition tempera-

ture of a material is the temperature at which the material chemically decomposes.

Technically, it is a subcategory of solvothermal. However, it is also considered as a

separate subcategory of solution-phase synthesis. Typically, this decomposition and

consolidation of the precursor (usually an organometallic compound) is carried out

at a high boiling point, coordinating or noncoordinating solvent under high temper-

ature and normal ambient pressure [71�73].

The components that normally used in thermal decomposition process are pre-

cursor, solvent, and ligands. The precursor is referring to the source of the metal in

producing metal oxide and normally is metal acetylacetonates or acetates. The sol-

vent is used to provide the environment for the reaction to occur, and usually it is a

high boiling point organic solvent, such as benzyl ether, 1-octadecene, and phenyl

ether. Ligands (the term comes from coordination chemistry) refers to the molecular

moieties or molecules that are capable of binding to the center ion or metal atom

with accessible orbits. Coordination of ligands to surface atoms has the function of

controls or limits growth of metal oxide, stabilizes the nanocrystals, and alters the

properties of the metal oxide. The ligand is normally referring as surfactant in the

context of thermal decomposition. Recently, number of high-quality metal oxide

nanopowders have been produced using thermal decomposition method [74�80].

Alp et al. [80] synthesized nanocrystalline ZnO through ethylene glycol-mediated

thermal decomposition. In a typical procedure, mixed solution of zinc acetate dihydrate

(2 g) and ethylene glycol (15 mL) was heated at different duration (3, 6, 12, and

36 hours) at 250�C with heating rate of 4�C/min. This method produced about 0.73 g

of ZnO powder, which consider a very efficient method (. 98%). They reported that

ZnO powders produced at 250�C and 12 hours are in the form of broken spheres with

a hollow microsphere (average size of 3.016 0.52 μm). The ZnO powder was wurtzite

ZnO phase with lattice parameters of a5 0.3298 nm and c5 0.5206 nm. They also

reported that the longer the heating duration (up to 36 hours), the more ZnO micro-

spheres were produced and finally sample heated for 12 hours showed all ZnO was

composed of hollow microspheres (3.846 0.81 μm). In their study, ethylene glycol

acted both as a solvent and a soft template/surfactant, creating spherical-like nanocrys-

tallites by hindering the diffusion for the formation of commonly obtained ZnO
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nanowires, then these spherical nanoparticles assemble to become mesoporous hollow

microspheres [81].

The same materials and methods were used by Dong and Feldmann [82] in

which in their study, the amount of glycerol, heating temperature, and refluxed

duration were changed, which were 50 mL, 160�C, and 1 hour, respectively.

Besides that, the authors synthesized porous ZnO platelets through different thermal

procedures (fast, medium, and slow thermal decomposition). Their experiment

results showed that the diameter of the produced porous ZnO platelets under fast

thermal decomposition was about 200�300 nm while porous ZnO platelets synthe-

sized under medium thermal decomposition produced smaller particles with the

diameter of about 10�30 nm. In contrast, due to irregular agglomeration of ZnO

nanoparticles, the diameter of porous ZnO platelets prepared under slow thermal

decomposition was increased (100�200 nm).

Besides ethylene glycol, ZnO spherical porous powders can also be produced

using thermal decomposition of zinc palmitate (ZnP). In the study conducted by

Kontopoulou et al. [83], 150 mg analytical grade of ZnP was heated in porcelain

crucibles at different temperature (500�C, 650�C, and 800�C) with heating rate of

10�C/min for 6 hours. Then, the sample was cooled down under regular cooling

procedures. In addition, in the case of heating at 800�C, quenching of the sample in

air at room temperature was performed. ZnO powders in the hexagonal wurtzite-

type of ZnO structure were obtained. However, SEM image in Fig. 3.4 shows that

ZnO calcinated at 500�C (Fig. 3.4A) yielded well-dispersed grain with an average

crystallite size of 966 29 nm, while ZnO calcinated at 800�C (Fig. 3.4C and D)

yielded spherical porous particles composed of many sintered ZnO nanocrystals.

Besides, quenching in air after calcination at 800�C also led to the formation of pro-

ducts with few spherical particles and consisted mainly of sintered grains with a

mean diameter of 1896 65 nm as in Fig. 3.4E and F.

3.2.1.5 Sonochemical method

Sonochemical method, a method using high-intensity ultrasonic irradiation, has been

widely used to produce novel materials with unusual properties and to obtain highly crys-

talline nanomaterials. Due to the powerful ultrasound radiation (20 kHz to 10 MHz),

molecules undergone several chemical reactions. The supplied ultrasound attributes to the

generation, growth, and collapse of bubbles in the liquid phase [84�86].

There are two kinds of sonochemical reaction, which are homogeneous (pro-

duced by the formation of free radicals) and heterogeneous sonochemistry (resulting

from the mechanical effects of cavitation) [86,84]. The cavitations are generated

from the liquid phase expansion and compression cycle. When the cavitation

occurred very close to the electrode surface, a liquid jet passes through inside the

bubble, which is perpendicular to the surface of the electrode, resulting in the for-

mation of a high-velocity microjet toward the surface [87]. The collapse of bubbles

due to the ultrasound intensity is higher than the threshold intensity is also related

to the shock wave [88] and the microstreaming [89]. This phenomenon causes a

decrease in the thickness of the diffusion layer [90,91]. Moreover, this situation
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improves the overall mass transfer and increases the reaction rate, which is actually

the cleaning and degassing of the electrode surface [84,87,92]. This method was

first used to produce iron nanoparticles. Since then, it has been used to synthesize

various metal oxide, such as CuO [93�95], TiO2 [96,97], and NiO [98�100].

The advantages of using sonochemical method to produce metal oxide powders

are this method can be operated under ambient conditions, crystalline phase can be

obtained by annealing at a relatively low temperature, and the mixing of the constit-

uent ions in the amorphous phase is at the atomic level [5]. However, sonochemical

method also consists of some drawbacks—this method has to be conducted under

argon atmosphere and irregular/random morphology of nanoparticles are normally

obtained and long processing time and heating duration are required [101].

Figure 3.4 SEM images of ZnO nanoparticles and nanostructures synthesized at: (A) 500�C,
(B) 650�C, (C) and (D) 850�C, (E) and (F) 850�C after quenching.
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Bhosale and Bhanage [101] developed a simple, simple, economical, additive free,

and capping agent-free approach for the synthesis of Cu2O nanoparticles via sonochem-

ical method using only two reagents, that is, copper acetate as a precursor and glycerol

as a green solvent. In this study the mixture 0.5 g of copper acetate and 15 mL of glyc-

erol underwent sonochemical irradiation through ultrasonic horn with 20 kHz frequency

and 750 W for 0.5, 1.0, and 1.5 hours, respectively. Then the product was centrifuged

at 8000 rpm for 10 min and rinsed with deionized water and ethanol for several times

and then dried in oven. They reported that Cu2O nanoparticles did not appear in sample

sonicated for 0.5 hour, while 1.0 hour sonicate time was the sufficient time for the for-

mation of Cu2O nanoparticles. The particle size of Cu2O nanoparticles measured from

TEM was in the range of 80�150 nm in Fig. 3.5. Fig. 3.5 also shows spherical Cu2O

nanoparticles are in good dispersion. HRTEM analysis shown in Fig. 3.6 indicated that

the interplanar distance was about 0.279 nm and corresponds to the d spacing of the

(1 1 1) plane. Brunauer�Emmett�Teller (BET) result showed that the Cu2O nanoparti-

cles have higher BET surface area than commercial Cu2O, which leads to the high cat-

alytic activity.

Instead of copper acetate, Kaviyarasan et al. [102] used copper sulfate pentahy-

drate (CuSO4 � 5H2O) as a precursor. In their work, 50 mL of copper sulfate penta-

hydrate was brought into a sonication container followed by purging nitrogen gas

for 30 minutes. A quantity of 52.8 mg ascorbic acid was then dissolved in 15 mL of

Figure 3.5 TEM images of Cu2O nanoparticles.
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ethylene glycol. The mixed solution was then slowly added into the copper sulfate

pentahydrate solution under vigorous stirring. After 20 minutes, 0.036 g of polyvi-

nylpyrrolidone and 20 mL sodium hydroxide (NaOH) were added into the mixture.

The pH of the solution was controlled at about 11. The mixture was continually

stirring until deep orange color was obtained indicating Cu2O nanocubes were

formed. The length of Cu2O nanocubes prepared using this parameter was about

4006 20 nm, which indicated that the nanocubes were monodisperse in size.

In order to produce homogeneous and nanosized lanthanum manganite (LaMnO3)

powders, sonochemical has been used by Das et al. [103]. In this method, 0.1 M of lan-

thanum nitrate, 0.1 M manganese acetate, small amount of decalin, and 0.1 mmol/L of

sodium dodecyl sulfate (SDS) surfactant were mixed together. SDS was added to pre-

vent agglomeration of the nanopowders. Then, the mixture was subjected to sonication

using direct immersion of Ti horn (20 kHz, 1500 W) at room temperature for 2 hours.

Next, oxalic acid was added to the solution and sonication was continued for another

4 hours. After sonication completed the product was washed with alcohol and acetone

and dried at 40�C. Finally, the produced powder was calcined at various temperatures

(700�C�800�C) and duration (2�10 hours). They reported that the particle size was

uniformly distributed with higher calcination temperature and longer heating duration

produced nanopowders with larger particle size. A uniform and homogeneous LaMnO3

powder can be easily produced using sonochemical method.

Barium titanate (BaTiO3) that has been widely used in multilayer ceramic capa-

citors, embedded capacitance in printed circuit boards, and thermistors with positive

temperature coefficient of resistivity [104] can be synthesized through sonochem-

ical process. One of the examples is monosized spherical BaTiO3 particles, which

has been prepared by Xu et al. [105]. In this study, chemometrics amounts of bar-

ium chloride dihydrate (BaCl2 � 2H2O) and titanium tetrachloride (TiCl4) were

mixed in 100 mL of deionized water, whereby the Ba/Ti molar ratio (R) was set to

0.90, 0.95, 1.1, 1.2, 1.5 with a constant titanium concentration (0.2 mol/L). Then,

Figure 3.6 (A) and (B) HRTEM images of Cu2O nanoparticles.
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sodium hydroxide (NaOH) was added under stirring. Then, the solution was sub-

jected to ultrasound irradiation (20 kHz and 150 W/cm2) for 40 minutes. After soni-

cation the solution was washed with ammonia and dried in an oven at 100�C. This
experiment revealed that Ba/Ti ratio may influence the product of BaTiO3. As

pointed out by Lencka and Riman [106], the ratio of Ba/Ti less than 1 would cause

the contamination of BaTiO3. However, complete reaction occurred if the Ba/Ti

ratio was more than 1. Xu et al. reported that when Ba/Ti ratio is less than 1 (0.9

and 0.95), the prepared BaTiO3 powders contained an amorphous unidentified

phase. This result was almost same as reported by Testino et al. [107]. From the

average particle size measured using laser particle size analyzer, Xu et al. also

pointed out that the BaTiO3 particle size decreased with the increasing Ba/Ti ratio.

3.2.2 Physical methods

3.2.2.1 Comminution

Comminution is a mechanical processing for the production of metal oxide pow-

ders, involving the reduction of larger size solids into smaller size powders, by

crushing, grinding, and milling. The basic mechanisms of this method for the prepa-

ration of metal oxide powders are the compression, mechanical impact, and particle

attrition at high velocities. Different types of milling process with different operat-

ing mechanism, advantages, and drawbacks are used in the preparation of metal

oxide powders, including ball milling, vibratory milling, and attrition milling. All

these milling processes require milling media and can be conducted in dry or wet

conditions. The most widely used milling process for the preparation of various

powders is the high energy ball mill. Depending on the grinding conditions, high

energy ball milling can produce metal oxide powders ranged from micron-sized to

nanosized, although obtaining nanosized powders may require extensive milling

time. Besides, the microstructures of the metal oxide powders are highly dependent

on the grinding conditions. For example, the milling time can significantly affect

the size, size distribution, chemical composition, and morphology of metal oxide

powders. Therefore the properties of the metal oxide powders can be tailored

accordingly by varying the grinding conditions. Yadav reported the preparation of

nanosized cerium oxide powders in oxygen ambient using cerium powder by high

energy ball milling [108]. They successfully synthesized cerium oxide nanopowder

of 10 nm in diameter using milling time of 30 hours. Other researchers also reported

the preparation of nanosized B2O3 [109] and TiO powders [110] by ball milling of

microsize powders of the same composition.

Other than simple oxide powders, complex oxide powders can also be prepared

by using ball milling. Lee et al. reported the rapid preparation of perovskite oxides

of (Bi, Na)TiO3, (K, Na)NbO3 and their modified complex compositions with low

contamination using high energy ball milling process with a milling time of 40 min-

utes [111]. França et al. also reported the preparation of Fe2TiO5 nanopowders from

�Fe2O3 and TiO2-anatase by combining ball-milling and postannealing [112]. They

successfully produced Fe2TiO5 nanopowders in pseudobrookite phase with
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crystallite size of 38.43 nm. Stoyanova also reported the preparation of CaTiO3

nanosized powders by combining ball milling and hydrothermal process [113].

They first prepared ethanolic solution of titanium n-butoxide, stabilized with acety-

lacetone and mixed with aqueous solution of calcium chloride anhydrous (CaCl2).

To prepare the CaTiO3 precipitate, aqueous solution of sodium hydroxide (1.8 M)

was added dropwise to the prepared mixture until reaching pH value 12 and sealed

into autoclave at 180�C for 36 hours, followed by natural cooling down to room

temperature. The obtained precipitates were dried up in an oven at 180�C for

24 hours. The precipitates were subjected to ball milling for 15, 30, and 45 minutes,

respectively. They found that as the ball milling time was increased from 15 to

45 minutes, the shape of the particles changes from prisms to globular, while the

size of particles was reduced from 130 nm for as prepared precipitate to 87 nm for

ball milling of 15 minutes and finally to 53 nm for balling milling of 45 minutes.

They also reported the bandgap of CaTiO3 powder decreases with the increasing

milling time. Pedro-Garcı́a et al. reported the synthesis of BiFeO3 particles by high

energy ball milling and annealing [114]. In their study, stoichiometric mixtures of

Bi2O3 and Fe2O3 were mixed and milled for 5 hours using high-energy ball milling

and annealed at 650�C. The As-synthesized BiFeO3 particles before subjecting to

ball milling have homogeneous particle size distribution around 300�400 nm with

polyhedral shape. The As-synthesized particles were then subjected to crystallite

size reduction by milling-process (CSRM) up to 60 minutes to obtain BiFeO3 nano-

particles with average size of 23.778 nm. They also found that CSRM promotes a

change in the magnetic order of the BiFeO3 nanoparticles from antiferromagnetic to

ferromagnetic.

Other than the reduction of particle size, mechanochemical synthesis can occur

if chemical reaction involves during the high energy ball milling which results in a

product with a new composition. Cuprous oxide nanopowders with the average size

of 11 nm, for example, were synthesized through mechanochemical synthesis using

copper powder in high energy planetary ball mill in oxygen atmosphere by Khayati

et al. [115]. It is, however, difficult to produce high purity metal oxide powders by

using comminution. The major concern of producing metal oxide powders of high

purity is the impurity pickup from the milling media and atmosphere during the

process, and this can be reduced by using chamber and the media of the same com-

position as that of the feedstock material.

3.2.2.2 Spray drying

The spray drying process involves the atomization of a solution, slurry, or emulsion

containing one or more components of the desired product into droplets by spraying

followed by the rapid evaporation of the sprayed droplets into solid powder by hot

air at a certain temperature and pressure. The solid powders comprising salts or

hydroxides are then subjected to calcination to obtain metal oxide powders. The

atomization, drying, and calcination process are very crucial to obtain metal oxide

powders with desired composition, crystallinity, size distribution, shape, and other

properties. Many techniques have been developed for the formation of finely
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atomized droplets, such as centrifugal atomization, pressure nozzle atomization,

ultrasonic atomization, electrostatic atomization, and pneumatic atomization. The

nature of the feedstock used in the atomization process can affect significantly the

spray drying process and the quality of the metal oxide powders. Feedstock for

spray drying process should have an optimized solid content, viscosity, and density

with good dispersion of agglomerate-free particles. The drying process also plays

an important role in determining the yield and quality of the metal oxide powders

and can occur in cocurrent, counter-current, or mixed flow method. Depending on

the method and the spray dryer system, the drying process can have many complex

and critical parameters. Yıldız and Soydan, for example, synthesized ZnO nano-

powders by dry spraying process [116]. In their study the effect of solid�liquid

ratio of the feedstock suspension and the parameters for spray dryer system,

namely, inlet temperature of hot air, flow rate of the hot air, feeding rate of the sus-

pension, spray air pressure and outlet temperature of drying chamber on the particle

size, shape, crystallinity, morphology, and specific surface area of the powders

were studied. They revealed that these parameters have significant influence on the

properties of powders including the size, morphology, crystallinity, and specific sur-

face area. Powders with size ranged from 5 to 200 nm specific surface area of

21�114 m2/g can be obtained depending on the drying process parameters. They

reported that hard agglomeration did not occur up to 180�C. ZnO nanopowders in a

spherical granule formed with high specific surface area can be prepared without

grinding the powders.

Preparation of metal oxide-containing composite nanopowders by spray drying was

also reported. Loghman-Estarki et al. reported the preparation of MgAl2O4�Si3N4

composite powders of 5 μm by spray drying process [117]. The suspension of

MgAl2O4�2.5 vol.% Si3N4 suspension was first prepared with ultrasonic irradiation of

MgAl2O4�Si3N4 nanoparticles in distilled water with the assistance of binder followed

by the spray drying of the suspension into powders. The powders are composed of par-

ticles with size ranging from 50 to 100 nm. In another study, Yıldız and Ali reported

direct synthesis of zirconia toughened alumina nanopowders as soft spherical granules

by combining coprecipitation with spray drying [118]. They first obtain zirconia tough-

ened alumina precipitate by coprecipitation of alumina (Al2O3) and yttria-stabilized zir-

conia (YSZ). The As-synthesized zirconia toughened alumina precipitate was then

subjected to spray drying to atomize, dry, and granulate the suspension to form zirconia

toughened alumina nanopowders. They found that the zirconia toughened alumina

nanopowders containing 4�20 wt.%. YSZ have alumina crystalline structure with the

average nanoparticle size between 26.64 and 46.70 nm. These nanopowders also have

very high specific surface area between 77.43 and 112.41 m2/g. Yıldız and Ali also

revealed that the crystallinity, morphology, particle size, SSA, and granule form of the

synthesized ZTA nanopowders are significantly influenced by the preparation and dry-

ing conditions of the synthesized precipitate, the solid�liquid ratio of the suspension,

and the molar mass ratio of YSZ in Al2O3 matrix.

Ehrhart et al. also reported the use of spray drying for the production of hercy-

nite (FeAl2O4) complex oxide particles using pH-modification of a charge-

stabilized sol [119]. Other researchers also reported the successful preparation of
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cerium oxide [76], hydroxyapatite-coated iron oxide [120], and complex oxide

(YxGd(3�x))3Al5O12 [121] powders by using spray drying method. Although spray

drying is a widely used and scalable method for the preparation of metal oxide

powders in industry, this method generally produces powders with density lower

than the bulk density due to the presence of hollow particles.

3.2.2.3 Spray pyrolysis

Gas different from spray drying which only involves the drying of the atomized

droplets into solids, in spray pyrolysis, atomized precursor droplets undergo decom-

position, and conversion to final metal oxide powders. Spray pyrolysis generally

consists of three steps, namely, atomization of the liquid feedstock, evaporation,

and drying of the sprayed droplets into spherical solid particles, and pyrolysis and

sintering of the dried precursor spheres into final metal oxide powders. Spray pyrol-

ysis is a relatively convenient method due to the fact the mixing process can be

simplified and the properties of the powder prepared by this method can be easily

controlled by changing the conditions of the pyrolysis reaction. Besides, spray

pyrolysis can also be scaled up for large-scale and continuous production of metal

oxide powders. Currently, this method is actively studied for the preparation of var-

ious metal oxide powders, especially the nanopowders, and for this reason, applica-

tions of this method are expanding quickly. Yu and Kim reported the preparation of

nickel oxide nanopowders with an average particle size below 50 nm from nickel

chloride solution by spray pyrolysis process [122]. They revealed that the average

particle size and particle size distribution increased significantly with the concentra-

tion of raw material solution while the average particle size and particle size distri-

bution of the powder decrease with the air pressure. Hwangbo et al. also reported

the preparation of zirconium oxide powders using ultrasonic spray pyrolysis with

citrate precursor method [123]. They successfully controlled the morphology and

size of the zirconium oxide powders from hollow submicron particles to minute

nanoparticles by varying the diffusion rate of zirconium cations in a pyrolysis step

through a chelating reaction. Spray pyrolysis also enables the production of doped

metal oxide powders. For example, Raju and Bhattacharya reported the preparation

of nanocrystalline pure and indium doped tin oxide powders by flame spray pyroly-

sis [124]. Other simple metal oxide powders produced by spray pyrolysis are zinc

oxide powder and magnesia powder [125].

Other than simple metal oxide, spray pyrolysis is also widely used in the prepa-

ration of metal oxide powders with complex compositions. This is because during

the pyrolysis process, microscale reactions can take place in the droplets. Choi and

Kang reported the preparation of ZnMn2O4 nanopowders from aqueous spray solu-

tion containing Zn and Mn components by flame spray pyrolysis [126]. They man-

aged to prepare ZnMn2O4 powders with a mean size of 65 nm and nonaggregation

characteristics by subjecting the precursor particles to posttreatment at 500�C.
Granados et al. reported the preparation of CoAl2O4 nanopowders by flame spray

pyrolysis method using metallorganic precursors of cobalt propionate and aluma-

trane [127]. The nanoparticles showed spherical morphology with average particle
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size of 27 nm. Krasnikova et al. also reported the use of ultrasonic spray pyrolysis

for the preparation of uniform-sized NiO�CuO�MgO fine powders [128]. By

studying the effects of process conditions, namely, solvent nature, precursor con-

centration, and temperature, they successfully obtain spherical NiO�CuO�MgO

particles with the diameters ranged in the nanometer scale (d5 170�300 nm) at rel-

atively low temperatures (400�C�600�C). It is, however, similar to spray drying,

very often hollow particles are obtained, render the powders not suitable for further

processing due to the precipitation at the surface of the droplets during the process.

3.2.2.4 Freeze drying

Comparing to techniques, such as spray drying, spray pyrolysis, and vaporiza-

tion�condensation, that use heat to remove the solvent, freeze drying does not

involve heating to remove the solvent. Instead, sublimation is used to remove the

solvent. Schnettler et al. first reported the use of this method to prepare Al2O3,

MgO, and MgAl2O4 spinel in 1968. Since then, the freeze drying process has been

studied extensively for the preparation of other metal oxide powders. Freeze drying

normally involves three steps. First, the salt solution containing the desired cation

or cations is atomized into a liquid of low freezing point, normally in liquid nitro-

gen or liquid hexane. Freezing is accomplished rapidly to preserve the solution

homogeneity. The atomized droplets freeze to ice and the salt precipitates out from

the ice. Sublimation of frozen solvent occurs in vacuum or lowered pressure condi-

tion and produces porous salt particles in soft agglomerates, resembling the initially

frozen droplets. Metal oxide powders are obtained by subjecting these salt particles

to calcination. Free drying is capable of producing metal oxide particles with uni-

formly distributed particle size. Besides, sudden quenching of the precursor solution

during the freezing process immobilizes the ions within the droplets and thus metal

oxide powder with homogenous concentration can be produced. In addition, the sin-

tering of such powders can be conducted at a much lower temperature. Tallón et al.

reported the preparation of ZrO2 nanopowders by freeze drying using ZrOCl2 solu-

tions [129]. ZrO2 powders with nonspherical shape made up of soft agglomerates

were produced. They also reported that post thermal treatment determined the crys-

talline phase formed, such that t-ZrO2 with an acicular shape was obtained at tem-

perature below 400�C while monoclinic phase with increased agglomeration was

produced at higher temperature. ZnO nanopowder was prepared by Liu et al. using

polyvinyl alcohol (PVA)�assisted freeze drying process [130]. In their study, PVA

was applied as a polymeric carrier and the presence of PVA as carbonaceous resi-

due that results by its thermal decomposition served as a surfactant for the oxides

particles, thus improving the dispersivity of ZnO nanopowders. Other metal oxide

powders that were successfully prepared by freeze drying methods include SiO2

nanopowders [131], CeO2 nanopowders [132], and MgO nanopowders [133].

Freeze drying can also be used together with other methods for the preparation

of metal oxide powders. Chiriac et al., for example, reported the use of freeze-

drying assisted sol�gel method to synthesize silica-based particles embedding iron

[134]. In their study the gels were prepared by sol�gel route and were rapidly
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frozen in liquid nitrogen for 15 minutes, and the frozen gels were lyophilized for 2

weeks at a temperature ranging from 250�C to 254�C and vacuum pressure of

0.04�0.024 mbar. Iron incorporating silica-based powders of xFe2O3
�(1002 x)

[0.7SiO20.3Na2O] were successfully produced in their study. However, freeze dry-

ing is known for its slow drying rate, high operating cost, and low energy efficiency

in comparison with other powder preparation method and, therefore, limits the

large-scale industrial applications of this method.

3.2.2.5 Pulsed laser ablation

Pulsed laser ablation (PLA) is a process in which a pulsed laser beam is focused on a

solid target material to remove material from the target surface. It is an eco-friendly

way of powders preparation due to minimal chemical usage. PLA can be conducted in

vacuum or in ambient media (gas or liquid). Typically, laser ablation device consists of

a pulsed laser and an ablation chamber. During the operation the temperature of the

laser-irradiated surface of a solid target material increases rapidly, thus vaporizing the

target material. The collisions between the evaporated species (atom and clusters) and

the surrounding molecules result in excitation of the electron state coupled with light

emission and generation of electrons and ions, forming a laser-induced plasma plume

[135]. Under suitable conditions (depending on the target material, ambient media,

ambient pressure, and laser conditions), the vaporized materials condensate into clusters

and particles. In some other cases, new materials maybe formed from the reaction

between the vaporized materials and other reactants. PLA has been employed for the

atomization of targets to obtain thin film and ultrafine powders. PLA was first used by

Neddersen et al. in 1993 to obtain the dispersions of Ag, Au, Pt, Pd, and Cu nanoparti-

cles in water and organic solvents [136]. Since then, PLA been extensively studied for

the preparation of various powders in nanoscale and thousands of research papers have

been published on the synthesis, properties, and applications of metal oxide powders.

The PLA offers the advantage of producing highly pure powders without additional

chemicals or by-products and, therefore, no further purification is needed. Besides, the

experimental setup for PLA is relatively low cost and simple with easily controlled

parameters. For PLA in liquid, due to the extreme confined conditions, unusual

metastable phase can be formed. This is because the plasma plume experiences addi-

tional compression by the liquid that may result in the formation of metastable phase

that is difficult to be achieved by other methods. Svetlichnyi et al. prepared iron oxide

nanocrystalline powder by PLA [137]. In their study, metallic iron target was ablated

using PLA in water, and Fe3O4 nanocrystalline powder with average size of about

5 nm and is obtained after the solution was dried in vacuum. Henley et al. synthesized

iron oxide nanopowders with different morphologies, from nanoparticles to nanowires

and nanosheets by nanosecond PLA with different laser wavelength and growth time

of fine iron powder in different liquid media of water, methanol, ethanol, and isopropa-

nol [138]. They found that hematite α-Fe2O3 nanopowder was formed when water was

used, while iron oxyhydroxide nanopowder was formed when alcohol was used. Iron

oxyhydroxide nanowires and two-dimensional nanosheets were also obtained by

employing different laser wavelengths of 248 and 532 μm for PLA in methanol. In
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another study, Al-Nassar et al. prepared zinc oxide nanoparticles using PLA process

from a pure zinc metal placed inside liquid environment containing cetyltrimethyl

ammonium bromide (CTAB) of 1023 molarity and distilled water [139]. The author

used Ti:Sapphire laser of 800 nm wavelength, 1 kHz pulse repetition rate, 130 fs pulse

duration at three values of pulse energies of 0.05, 1.11, and 1.15 mJ in their process.

They found that in the presence of CTAB, the decrease in the laser pulse energy

yielded smaller size of nanoparticles with narrow size distributions. Besides, they also

revealed that ZnO nanoparticles with larger particle sizes, more spherical, homoge-

neous, and broad size distribution can be obtained by increasing the value of pulse

energy.

Other than in liquid media, PLA in gaseous media and vacuum can also be

employed for the preparation of high purity metal oxide powder. Siraj et al., for

example, reported the preparation of cadmium oxide (CdO) and yttrium Oxide

(Y2O3) powders by ablation of CdO and Y2O3 target in vacuum using pulsed KrF

Excimer laser [140]. The metal oxide powders were reported to range from 71 nm

to 1.1 μm. However, in spite of its advantages comparing to other preparation meth-

ods of metal oxide powder, PLA presents some drawbacks. Powders, especially

nanopowders, synthesized by PLA method tend to agglomerate. Besides, relatively

low amount of powders can be produced by using PLA, which limits the large-scale

industrial applications of this method.

3.2.2.6 Vaporization�condensation

Vaporization�condensation method has been used for the preparation of various thin

film and particles on substrates. Particularly, vaporization�condensation method has

also been employed for the preparation of metal oxide nanopowders. In this process the

target material is heated and vaporization occurs, and powders are formed by rapid con-

densation of the vapor. Depending whether the chemical reaction is involved in the pro-

cess, this method can be categorized into chemical or physical method. Physical vapor

condensation occurs when the resultant powder has the same composition as the target

material, indicating no chemical reaction takes place during the process. Vodopyanov

et al. reported that the preparation of WO3 and ZnO nanopowders range from 20 to

500 nm by local heating of the initially pressed powder using a focused beam of micro-

wave radiation of a subterahertz gyrotron [141]. Zhan et al. reported the preparation of

lead oxide nanopowders from waste electric and electronic equipment by high-

temperature oxidation�evaporation and condensation [142]. They revealed that the

condensation temperature and distance significantly affected the morphology and size

of the lead oxide nanopowders, respectively. Vaporization�condensation method can

also be employed for the preparation of composite powder. Stötzel et al. reported the

preparation of iron oxide�silica composite nanopowders with diameters ranging from

20 to 50 nm by vaporization�condensation method [143]. In their study, the mixture

of hematite powder (α-Fe2O3) and quartz sand (SiO2) was subjected to CO2 laser cova-

porization (CoLAVA). Evaporation and plasma generation occurred in a continuously

flowing process gas at normal pressure, the vapor was then rapidly quenched and nano-

powder was formed by gas-phase condensation. They revealed that with increasing iron
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oxide content, the mean size of the maghemite domains increases, while the number of

maghemite domains in each NP decreases until Janus particles with one γ-Fe2O3- and

one SiO2-hemisphere are obtained [143].

However, since most metal oxide has high-melting point and low vapor pressure,

this method has limited success for the preparation of metal oxide powders with

high melting points. Besides, the drawback of this method also include possible

occurrence of reactions between metal vapors and oven materials, inhomogeneous

heating which impose limitations for the control of particle size and distribution,

and difficulties in controlling the composition of the mixed metal particles due to

the difference in composition between the alloys and the mixed vapors [144].

3.2.3 Biological methods

Growing environmental awareness has led to the development of various

environment-friendly processes for the nontoxic synthesis of metal oxide powders.

Biological methods that lead to the green synthesis of metal oxide powders,

especially nanopowders can be generally divided into protein-mediated,

microorganism-mediated (fungi, bacteria, and yeast) and plant-mediated methods.

Besides nontoxic process, biological-mediated methods have the advantages of

high selectivity and precision, good reproducibility in production, easy scaling-up,

and well-defined morphology of metal oxide powders. Kashyap, for example, syn-

thesized biomimetic iron oxide nanoparticles mediated by an acidic bacterial

recombinant protein, Mms6 by the controlled addition of sodium hydroxide to

solution-phase Mms6 protein micelles incubated with ferric chloride [145]. He

proposed that protein self-assembly and micellar surface iron binding lower the

energy barrier to subsequent nucleation, thus facilitating the process of synthesis

of iron oxide nanoparticles. Microorganisms such as fungi, bacteria, and yeast

have the ability to accumulate and detoxify heavy metals which can be utilized to

produce metal and metal oxide nanoparticles. Bharde et al. reported the bacteria-

mediated precursor-dependent biosynthesis of superparamagnetic iron oxide nano-

particles [146]. They revealed that bacterium Actinobacter sp. can yield iron oxide

nanoparticles when reacted with ferric chloride under aerobic condition.

Jayaseelan et al. reported the use of Aeromonas hydrophila as eco-friendly reduc-

ing and capping agent in biosynthesis for the simple production of ZnO nanoparti-

cles. They proposed that the synthesis of ZnO nanoparticles was resulted from the

variation in the level of rH2 or pH, which activates the pH sensitive oxidoreduc-

tases enzymes. Compared with bacteria, the use of fungi in mycosynthesis of

metal oxide powder is a straightforward approach because most fungi containing

important metabolites with higher bioaccumulation ability and simple downstream

processing are easy to culture for the efficient production of nanopowders [147].

Besides, fungi have higher tolerances to, and uptake competences for, metals, par-

ticularly in terms of the high wall-binding capability of metal salts with fungal

biomass for the high-yield production of nanoparticles [148]. Salvadori et al. used

dead biomass of the fungus Hypocrea lixii as a biological system for the produc-

tion of nickel oxide nanoparticles [149]. In their process, nickel ions were
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converted into nickel oxide nanoparticles in aqueous solution and were accumu-

lated intracellularly and extracellularly on the cell wall surface through biosorp-

tion. The dead fungus biomass played an important role by acting as a reducing

agent and stabilizer to form metallic nanoparticles, which were then oxidized to

nickel oxide in the medium. Kalpana also reported extracellular synthesis of ZnO

nanoparticles using culture filtrates of Aspergillus niger [150]. They successfully

synthesized ZnO nanoparticles with diameter ranging from 53 to 69 nm with an

average size of 616 0.65 nm.

Recently, extract from plants are used in the preparation of metal oxide pow-

ders. Compared with using bacteria and fungi, plants are easily available and the

procedure of biogenic synthesis is cost-effective and less tedious. The active bio-

logical compound present in plant parts such as enzyme, flavonoids, terpenoids,

glycosides, alkaloids, inositols, resins, saponins, terpenes, volatile oil, tannins,

steroids, and quinine can act as a reducing and capping agent for the preparation

of metal oxide powders [151]. Chaudhuri and Malodia prepared ZnO nanoparti-

cles using Calotropis gigantea leaf extract with zinc acetate salt in the presence

of 2 M NaOH [151]. Highly monodisperse crystalline ZnO nanoparticles with

20 nm size was successfully produced by their process. Zahir et al. reported the

synthesis of titanium dioxide nanoparticles with size 83.226 1.50 nm using green

synthesis from aqueous leaf extract of Euphorbia prostrata as antileishmanial

agents [152]. In another study, Geetha et al. reported the synthesis of ZnO nano-

particles using Euphorbia Jatropha plant latex as a reducing agent by the com-

bustion method [153].

3.3 Concluding remarks

Due to the importance of the metal oxide powders in current and future industrial

applications, various methods for the synthesis and preparation of metal oxide pow-

ders were studied and developed. This chapter has reviewed the current progress on

the synthesis and preparation of various metal oxide powders. These methods, in

the process media of vapor, liquid, and solid, can be categorized into chemical,

physical, and biological methods. The current trend in the synthesis and preparation

of metal oxide powders is emphasized on the preparation of various nanoscale pow-

ders of metal oxide. Significant breakthroughs were made with the introduction of

these nanoscale metal oxide powders into various applications. From the published

literatures which were included in this chapter, it can be clearly seen that the

researches on the synthesis and preparation of metal oxide powders were mainly

focused on chemical methods.

The preparation of metal oxide powders by various currently used chemical

methods was presented, such as sol�gel, hydrothermal, CVD, thermal decompo-

sition, and sonochemical method. Physical methods of preparation of metal oxide

powders includes comminution, spray drying, spray pyrolysis, freeze drying,

PLA, and vaporization�condensation method in which comminution is the most

widely used method for the bulk synthesis of metal oxide powders, although the
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metal oxide powders produced by this method are generally large in size and

have wide size distribution. Synthesis and preparation of metal oxide powders by

biological methods, including protein-mediated, microorganism-mediated, and

plant-mediated methods, is gaining immense attention amongst scientific com-

munity although these methods are scarcely reported due to several serious fac-

tors that may influence them. Many of these new methods are actually the

combination or variants of and/or improvements over the well-established proce-

dures used by the industry. There are still processing challenges for the synthesis

of metal oxide powders with controllable parameters at high yield and low cost

that can be integrated into the current manufacturing process. Although these

methods can successfully synthesize metal oxide powders, their drawbacks are

numerous. These new methods claimed the successful developments in the con-

trol of the particle size; however, the control of agglomeration, during or after

synthesis, still remained an unsolved key issue. Stringent storage and handling

conditions, especially in a humid atmosphere, are required to prevent the unag-

glomerated fine powders obtained from these methods to become agglomerated.

Besides, these reported new methods that are able to produce high-quality pow-

ders, in terms of composition, size distribution, and shape, cannot produce gram-

quantities metal oxide powders, particularly methods that involve vapor-phase

reactions and, therefore, has a very slow production rate of metal oxide powders.

The upscaling of these methods is not possible at the present stage to meet the

high demand from the industry. More experimental and theoretical works are

needed to close the gap between research outcomes and industrial expectations to

integrate these methods to current manufacturing process and open new avenues

for metal oxide powders.
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4.1 Introduction

Iron ore sintering and pelletizing are the predominant processes in the iron-making

industry [1,2]. During the iron ore sintering process, calcium ferrite phase is

believed to be the most desirable bonding phase because it has high reducibility

and sufficient mechanical strength [3�5]. The sintering process can be divided into

three procedures: (1) heating-up period. Calcium ferrites are formed from iron oxi-

des and basic fluxes (lime or calcite), and then a small quantity of calcium ferrites

react with gangue components via solid-state reaction; (2) high-temperature period.

Calcium ferrites become liquid phases and gangue components fast dissolve into

them; and (3) cooling period. The solidification and precipitation of the liquid

phases take place [6]. The generation of calcium ferrites and sintering atmosphere

during the sintering process are closely related to the combustion of coke breeze,

which not only provide the heat energy but also produce CO and CO2 gases [7,8].

A considerable amount of researchers have reported the formation behavior of cal-

cium ferrites related to the iron ore sintering process [9�18]. However, most of pre-

vious investigations mainly focused on the formation of calcium ferrites under

different oxidizing atmosphere (or O2 partial pressures).

It is well known that the combustion reaction of coke breeze takes place at tem-

peratures higher than 600�C to supply the necessary heat for the mineralization

reactions during the sintering process. In addition, CO2 and CO gases emit during

the combustion of coke breeze. Some studies reported that the CO/(CO1CO2)

values during the sintering process were in the range of 12�35 vol.% as the coke

breeze dosage increased from 5 to 15 wt.% [19�25]. Hence, during iron ore sinter-

ing process, the actual sintering atmosphere where the coke breeze is combusted is

not entirely oxidizing atmosphere but weakly reducing atmosphere, which inevita-

bly affects the formation of calcium ferrites. Therefore it is necessary to investigate

the formation behaviors of calcium ferrites under certain CO�CO2 atmosphere.

In this study the reaction behaviors of CaO and Fe3O4 roasted under CO�CO2

atmosphere at 800�C�1250�C were investigated to determine the formation mecha-

nism of calcium ferrites under a reducing atmosphere by using x-ray diffraction

Metal Oxide Powder Technologies. DOI: https://doi.org/10.1016/B978-0-12-817505-7.00004-X
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(XRD), thermogravimetric analysis (TG)�differential scanning calorimetry (DSC),

scanning electron microscope (SEM)�energy dispersive spectrometer (EDS), Fact-

sage, etc.

4.2 Experimental

4.2.1 Materials

The materials used in this study were analytical reagents of Fe3O4 and CaO pow-

ders (Aladdin, Shanghai, with purities of beyond 99.95 wt.%). All the reagents were

preground until the particle size passed through a 0.074 mm sieve. The briquette

(10 mm diameter and 10 mm height) was prepared by pressing 2.5�3.0 g of the

ground mixtures into a cylindrical mold for 2 minutes with 10 MPa pressure. Then,

the briquettes were dried at 100�C for 4 hours. The gases included CO, CO2, and

N2 with the purity of 99.99 vol.%.

4.2.2 Methods

4.2.2.1 Roasting tests

The roasting tests were conducted in a horizontal resistance furnace, and the sche-

matic apparatus for the roasting experiment is shown in Fig. 4.1.

During the sintering process the atmosphere was controlled by passing various

gas mixtures into the reaction tube. The roasting temperature was measured by a

Pt�Rh thermocouple and controlled by a KSY intelligent temperature controller

(accuracy 6 0.1�C). The total inlet gas flow rate was fixed at 5.0 L/min and the

rate flow of the gas was measured by a flow meter.

Figure 4.1 Schematic apparatus of the roasting experiment (1—flowmeter; 2—mixing

chamber; 3—tube furnace; 4—SiC heating component; 5—sample boat; 6—pushbeam; 7—

sealing ring; 8—thermocouple; 9—KSY intelligent temperature controller).
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The detailed procedures were as follows: first of all, pure N2 gas was led into

the tube until the temperature reached a given value, then, the dried samples were

placed in a corundum crucible (size: 80 mm3 10 mm) and loaded into a heat-

resisting quartz tube. Second, the quartz tube carrying with the samples was pushed

into the roasting zone; after that the CO�CO2�N2 mixed gas immediately took the

place of N2 gas, and then the samples were roasted at given temperatures for a cer-

tain period. Third, the roasted samples were taken out rapidly and quenched in liq-

uid nitrogen. Finally, some cooled samples were ground to 100 wt.% passing

through 0.074 mm for XRD analyses, and some other samples were used for micro-

structure analyses.

4.2.2.2 Fusion temperature measurement

The external shape of the roasted samples and the roasting temperature were

recorded by a camera every 2 seconds according to the previous report [8].

The fusion temperature�measurement equipment was shown in Fig. 4.2A. CaO

and Fe3O4 mixtures were shaped into a pyramid sample with a bottom side length

of 12 mm and vertical height of 35 mm. The sample was then placed on a corun-

dum plate and heated in the horizontal tube furnace with a heating rate of 10�C/min

in air and CO�CO2�N2 atmosphere from 20�C to 1600�C, respectively. The exter-

nal shape change of each specimen was recorded by a camera every 2 seconds and

characterized by the standard as described in the literature [26]. Three characteristic

temperatures were identified (Fig. 4.2B): (1) deformation temperature (Td), deter-

mined by the temperature at which the tip of the pyramid becomes spherical; (2)

sphere temperature (Ts), determined by the temperature at which the whole pyramid

becomes hemispheric; and (3) flow temperature (Tf), determined by the temperature

at which the pyramid melts until the vertical height is less than 1.5 mm.

Figure 4.2 Schematic diagram of horizontal tube furnace (A) and the external shape of the

sample at different temperatures (B).
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4.2.2.3 Characterization

TG�derivative thermogravimetry (DTG) analyses of the samples were performed

using a thermal analyzer (Netzsch STA 449C, Germany) in the temperature range

of 20�C�1200�C with a heating rate of 10�C/min under CO�CO2�N2 atmosphere.

Phase compositions of the samples were determined by XRD with a diffractometer

(Rigaku D/Max 2500; Rigaku Corporation, Tokyo, Japan) under the conditions of

radiation: Cu Ka, tube current and voltage: 250 mA, 40 kV, scanning range: 10�80

degrees (2θ), step size: 0.02 degree (2θ), and scanning speed: 8 degrees/min. The

microstructural images of the samples were conducted by an optical microscopy

(LEICA DM RXP, Germany) and scanning electron microscope equipped with an

energy diffraction spectrum (SEM�EDS, JEOL, JSM-6490LV, Japan).

4.3 Results and discussion

4.3.1 Phase diagrams of CaO�Fe3O4 system under CO�CO2�N2

and air atmosphere

The phase diagrams of CaO�Fe3O4 system under 3%CO�22%CO2�75%N2 and

air atmosphere were first performed using FactSage software and shown in Fig. 4.3.

It was seen that calcium ferrite (Ca2Fe2O5) was the most stable phase under air and

3%CO�22%CO2�75%N2 atmosphere, and the final phase constitutions were deter-

mined by the mole ratio of Fe3O4/(Fe3O41CaO). However, it was found that dif-

ferent liquidus lines existed under various atmospheres, and the liquidus

temperature was 1110�C as shown in Fig. 4.3A, while the value was 1205�C in

Fig. 4.3B. It is well-known that the melting points of binary calcium ferrites

(CaO � Fe2O3, CaO � 2Fe2O3, 2CaO � Fe2O3) and FeOx (FeO, Fe3O4, Fe2O3) were

higher than 1200�C. However, some liquid phases with low-melting point (1110�C)
were observed under 3%CO�22%CO2�75%N2 atmosphere. Then, further study

was carried out to determine the liquid phases.

4.3.2 Phase transformation of CaO and Fe3O4 mixtures in
CO�CO2�N2 atmosphere

The effect of roasting temperature and CO content on the phase transformation

were examined. The CO content refers to the CO volume concentration in the

CO�CO2�N2 mixed gas [i.e., CO/(CO1CO21N2), N2 content was fixed at

75 vol.%].

4.3.2.1 Effect of temperature

The effect of roasting temperature varying from 700�C to 1250�C on the phase

transformation was first investigated and the XRD patterns of the roasted samples

were presented in Fig. 4.4.
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Figure 4.3 Phase diagrams of CaO�Fe3O4 system under (A) 3%CO�22%CO2�75%N2 and (B) air atmospheres.



It was seen from Fig. 4.4 that the major phases in the roasted samples were

Ca2Fe2O5, Fe3O4, and the ternary calcium ferrites (CaO �FeO � Fe2O3 and

CaO � 3FeO � Fe2O3). It was found by careful observation that Ca2Fe2O5

(PDF#71�2108, at 2θ5 33.515 degrees) was first formed at 800�C, and the diffrac-

tion peak intensity of Ca2Fe2O5 increased as the temperature increased to 1000�C.
The results indicated that Ca2Fe2O5 was the most stable phase and easily formed

under CO�CO2�N2 atmosphere, which was consistent with the phase diagram

shown in Fig. 4.3. However, the diffraction peak of Ca2Fe2O5 decreased obviously

when roasting temperature was higher than 1100�C, meanwhile, ternary calcium

ferrites (CaO �FeO � Fe2O3 and CaO � 3FeO � Fe2O3) were found. As the roasting

temperature further increased to 1250�C, the diffraction peak intensity of

CaO � 3FeO � Fe2O3 increased and CaO � 3FeO � Fe2O3 became the main Ca�Fe�O

phases in the roasted samples, indicating that higher roasting temperature promoted

FeO dissolving into binary calcium ferrite (Ca2Fe2O5).

Previous studies reported the phase diagram of CaO�FeO�Fe2O3 system under

nitrogen atmosphere, and the results shown in Fig. 4.5 indicated that ternary cal-

cium ferrites (CaO � FeO � Fe2O3 and CaO � 3FeO � Fe2O3) had much lower melting

points (,1150�C) than that of binary calcium ferrite [27,28]. The formation of tern-

ary calcium ferrites is beneficial to the formation of liquid phases (such as

Ca2Fe2O5) during the iron ore sintering process.

The microstructural images of the roasted samples were shown in Fig. 4.6, and it

was seen that Ca2Fe2O5 and Fe3O4 were the main phases when the roasting temper-

ature was lower than 1100�C, while a new phase appeared as roasting temperature

increased to 1200�C and 1250�C. Then, SEM�EDS analysis was conducted to

Figure 4.4 XRD patterns of samples roasted at different roasting temperatures.

(CO content of 3 vol.%, roasting time of 5 min, Fe3O4:CaO mass ratio5 90:10).
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confirm the phase compositions of the new phase, and the results were shown in

Fig. 4.7. It was shown that Ca/Fe atom ratio of Spots A, B, and C was approaching

to 1:5, which was close to CaO � 3FeO � Fe2O3. The results were in accordance with

the XRD results in Fig. 4.4.

4.3.2.2 Effect of CO content

Fig. 4.8 demonstrates the XRD patterns of the roasted samples under different CO

content varying from 1 to 10 vol.%. As seen from Fig. 4.8, the predominant phases

in the samples were Fe3O4, binary calcium ferrite (Ca2Fe2O5), and the ternary cal-

cium ferrite (CaO � FeO � Fe2O3 and CaO � 3FeO �Fe2O3). The diffraction peaks of

Ca2Fe2O5 decreased obviously when the CO content increased from 1 to 5 vol.%.

The peaks of CaO � 3FeO � Fe2O3 increased sharply as the increase of CO content,

which indicated that higher CO content promoted the reduction of iron oxides to

FeO, then FeO was dissolved into Ca2Fe2O5 to generate ternary calcium ferrite

(CaO � xFeO � Fe2O3, x5 1, 3).

4.3.3 Liquid phase formation of CaO�Fe3O4 system in
CO�CO2�N2 atmosphere

To identify the formation of low-melting-point calcium ferrite phases,

CaO � FeO � Fe2O3 and CaO � 3FeO � Fe2O3, the amount of liquid phases in

CaO�Fe3O4 system was calculated using FactSage 7.0. Then, the fusion tempera-

ture of CaO and Fe3O4 mixtures was tested.

Figure 4.5 Phase diagram of the CaO�FeO�Fe2O3 system [27,28].
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The effect of temperature on the liquid phase formation of CaO�Fe3O4 system

in air and CO�CO2�N2 atmosphere was shown in Fig. 4.9. In CO�CO2�N2 atmo-

sphere the liquid phase started to form at 1100�C, which was about 100�C lower

than that in air. When the temperature was in the range of 1200�C�1300�C, the
mass fraction of liquid phase reached 50�70 wt.% in air, while it was 70�90 wt.%

in CO�CO2�N2 atmosphere. It was known that the melting temperature of binary

calcium ferrites was about 1205�C; hence, the significant difference of the liquid

Figure 4.6 Microstructural images of the roasted samples.

(CO content of 3 vol.%, roasting time of 5 min). (M—Fe3O4; F—Ca2Fe2O5; CWF—

CaO � FeO � Fe2O3; CW3F—CaO � 3FeO � Fe2O3)
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Figure 4.7 SEM�EDS results of the roasted samples.

(CO content of 3 vol.%, roasting temperature of 1200�C, roasting time of 5 min).



phase mass fractions was attributed to the formation of ternary calcium ferrite under

CO�CO2�N2 atmosphere.

The fusion temperatures of CaO�Fe3O4 mixtures in air and CO�CO2�N2 atmo-

sphere were measured as the method in Section 4.2.2.2, and the results were shown

in Table 4.1. It was seen from Table 4.1 that Td, Ts, and Tf were decreased as

increasing CaO/Fe3O4 mole ratio. Compared with those in air, the Td, Ts, and Tf
values in CO�CO2�N2 atmosphere showed a decreasing trend, which attributed to

the formation of the low-melting-point ternary calcium ferrites, CaO � FeO �Fe2O3

and CaO � 3FeO � Fe2O3.

4.3.4 Reaction mechanism between CaO and Fe3O4 under
CO�CO2�N2 atmosphere

TG�DTG analysis was conducted to study the reaction behavior of CaO and Fe3O4

under 3%CO�22%CO2�75%N2 atmosphere. Fig. 4.10 showed that the TG curve

decreased obviously when the temperature was higher than 700�C, which was

attributed to the decomposition of CaCO3 (CaCO35CaO1CO2). After the temper-

ature was over 820�C, the TG curve decreased slowly, and the reason would be

investigated further.

The CaO and Fe3O4 mixed powders were roasted under N2 atmosphere to inves-

tigate the formation mechanism of ternary calcium ferrites, and the XRD patterns

Figure 4.8 XRD patterns of the samples roasted at different CO contents (temperature of

1200�C, roasting time of 5 min, Fe3O4:CaO mass ratio5 90:10).
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of the roasted samples were shown in Fig. 4.11. It was found that Ca2Fe2O5 was

first formed at a relatively lower temperature of 1000�C, and the diffraction peaks

of CaO � FeO � Fe2O3 and CaO � 3FeO � Fe2O3 were observed at 1100�C�1200�C.
However, the peaks of CaO � FeO �Fe2O3 was much stronger than that of

CaO � 3FeO � Fe2O3, which indicated that FeO just came from Fe3O4 (FeO � Fe2O3).

Compared with the results shown in Fig. 4.8, more FeO could be produced under

reduction atmosphere, which promoted the formation of CaO � 3FeO � Fe2O3.

The formation process of calcium ferrites between CaO and Fe3O4 in

CO�CO2�N2 atmosphere could be regarded as the process of CaO substitute for

FeO in Fe3O4 (FeO � Fe2O3). Due to the similar ionic radius (rCa21 5 0:099 nm,

rFe21 5 0:078 nm) and valence of Ca21 and Fe21, CaO and FeO were easily

Figure 4.9 Mass fraction of liquid phase of CaO�Fe3O4 mixtures under different

atmospheres (Fe3O4:CaO mass ratio5 90:10).

Table 4.1 The melting features of CaO�Fe3O4 mixtures in different atmospheres.

Samples Air atmosphere 3%CO�22%CO2�75%N2

atmosphere

Td (
�C) Ts (

�C) Tf (
�C) Td (

�C) Ts (
�C) Tf (

�C)

CaO/Fe3O45 5:95 1353 1491 .1500 1163 1289 .1500

CaO/Fe3O45 10:90 1297 1398 1482 1056 1179 1258

CaO/Fe3O45 20:80 1159 1219 1224 987 1098 1169
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Figure 4.10 TG�DTG curve of the CaO and Fe3O4 mixed powders under 3%CO�22%

CO2�75%N2 atmosphere.

Figure 4.11 XRD patterns of samples roasted under N2 atmosphere (roasting time of 5 min,

Fe3O4:CaO mass ratio5 90:10).
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substitute with each other. The reaction model between CaO and Fe3O4 under

CO�CO2�N2 atmosphere was shown in Fig. 4.12.

When the temperature was lower than 1200�C, CaO � 2Fe2O3 and FeO were eas-

ily formed because CaO was substitute for part of FeO in Fe3O4. The shadow area

was the stable existence zone of Fe3O4 (CO/(CO1CO2)5 12 vol.%, temperature

,1200�C) which was given in Fig. 4.13 (point b). Then, the newly formed FeO

could be again oxidized into Fe3O4 under this condition, and the oxidation process

was promoted by the formation of CaO � xFeO � Fe2O3. Finally, Ca2Fe2O5 was

observed in the roasted products as all the FeO in Fe3O4 were substituted by CaO.

It was the stable existence zone of FeO under 12 vol.% CO/(CO1CO2) content

above 1200�C as shown in Fig. 4.13 (points a and c), then the newly formed FeO

was steady and easily dissolved into Ca2Fe2O5, and more ternary calcium ferrites

(CaO � xFeO � Fe2O3) were generated under those conditions, as shown in Figs. 4.4,

4.8, and 4.11. In the present study the mass ratio of CaO/Fe3O4 was 10%:90%.

Thus FeO in Fe3O4 (FeO � Fe2O3) could not be fully substituted by CaO. The newly

formed FeO was either oxidized to Fe3O4 or dissolved into Ca2Fe2O5 and

Figure 4.12 The reaction model between CaO and Fe3O4 in CO�CO2�N2 atmosphere.
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CaO � FeO � Fe2O3 to form CaO � 3FeO � Fe2O3, which was affected by the tempera-

ture and CO concentration. Fe2O3 in Fe3O4 (FeO � Fe2O3) could directly react with

CaO to form Ca2Fe2O5 when they were connected with each other. The main reac-

tions during the roasting process between CaO and Fe3O4 in CO�CO2�N2 atmo-

sphere were represented as follows:

CaO1 Fe3O4 5CaO � FeO � Fe2O3 (4.1)

2CaO1 Fe3O4 5 2CaO � Fe2O3 1 FeO (4.2)

3FeO1CO2 5 Fe3O4 1CO (4.3)

CaO � FeO � Fe2O3 1 2FeO5CaO � 3FeO � Fe2O3 (4.4)

2CaO � Fe2O3 1 xFeO ! CaO � xFeO � Fe2O3 (4.5)

4.4 Conclusions

1. The binary calcium ferrite (Ca2Fe2O5) and the ternary calcium ferrite (CaO � FeO � Fe2O3

and CaO � 3FeO � Fe2O3) could be easily formed from CaO and Fe3O4 roasted under

1�10 vol.% CO/(CO1CO21N2) atmosphere.

Figure 4.13 Gas-phase equilibrium diagram of FexO under CO�CO2 atmospheres.
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2. The melting point of CaO�Fe3O4 mixtures under CO�CO2�N2 atmosphere was about

100�C lower than that under air, which was attributed to the formation of

CaO � xFeO � Fe2O3. The formation reactions of calcium ferrites were promoted by increas-

ing the roasting temperature and CO content of the mixed gas.

3. The formation of calcium ferrites under CO�CO2�N2 atmosphere can be regarded as

CaO substitute for FeO in Fe3O4 (FeO � Fe2O3). During the sintering process, the newly

formed FeO can be oxidized by CO2 to Fe3O4. The main reactions included:

2CaO1Fe3O45 2CaO � Fe2O31FeO and 3FeO1CO25 Fe3O41CO. FeO was dis-

solved into CaO � Fe2O3 to form the ternary calcium ferrites (CaO � xFeO �Fe2O3).
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5.1 Introduction

The rapid development of nanotechnology and nanomaterials led to the need to

modify the surface of nanoparticles (NPs) for various applications [1]. The surface

may be adapted to specific physical, optical, electronic, chemical, and medi-

cal�biological properties by depositing a thin film material of NPs on the surface.

Coating or encapsulation of NPs is a serious problem because of the extremely

small size, high surface energy, and high NP surface area [2�5]. There is a new

method using supercritical CO2 (SC CO2) as an antisolvent (SAS) for NPs coating/

encapsulation. The system model, using silica NPs as the particles of the polymer

for the coating material, of the SAS process leads to the heterogeneous nucleation

of the polymer NPs acting as nuclei and the subsequent growth of the polymer on

the surface of the NPs which induced mass transfer and phase’s transition.

The polymeric matrix structure is formed by the encapsulated agglomeration

of coated NPs. Conventional methods for coating the NP are divided into dry and

wet approaches. Dry methods include (1) physical vapor deposition, (2) plasma-

treating [6�8], (3) precipitation (with) chemical vapor deposition [9], and (4) pyrol-

ysis of polymeric or nonpolymeric. Furthermore, organic materials can be used in

place of the NPs in a matrix [10]. The wet coating methods of NPs include (1)

sol�gel processes and (2) emulsifying and solvent evaporation methods [11,12].

Coating or encapsulating the NPs of active substances has been found to be of par-

ticular interest. Controlled release systems provide the advantage of protection

against rapid degradation and delivery orientations. However, to develop a new

technique for coating or encapsulating ultrafine (nanoparticles) for modifying prop-

erties of supercritical CO2 (SC CO2) in the SAS process, CO2 environment is ideal

treatment [13].
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Rong et al. [14] studied the process for applying polymer that dissolved in

CO2. A solution is released from the nozzle, generating microparticles that coat

the surface. The supercritical solution causes a significant reduction in CO2 dis-

solving ability which leads to very high supersaturation and particle growth.

However, a strict application of the method is limited by the fact that the poly-

mers generally have CO2 solubility at temperatures below 80�C [15]. In addition,

the operating pressure of the soil settlement gauge is usually above 200 bar,

which is less attractive economically. The use of the RESS combination process

and the fluidized particles in the solution of the coating material in the SC CO2,

rather than in organic solvents, are sprayed onto the fluidized particles. These

methods are used to coat entirely the ultrafine particles and others [16]. The coat-

ing particles use a supercritical fluid process medium [17]. However, these meth-

ods are less attractive in terms of safety and cost, and probably cannot be applied

to the industry, since high temperatures may adversely affect or even destroy the

majority of powders. Using the SAS process, however, it can usually be carried

out at a pressure below 10 MPa and at a temperature just above the critical tem-

perature (304, 1K). Moreover, the SAS process is quite flexible in terms of sol-

vent choice. Thus the synthesis of ultrafine particles using SAS has been

reported in several studies [18�20] along with the production of composite

microspheres in SAS. A homogeneous solution of various solutes and the poly-

mer was sprayed into solvent SC CO2. Coprecipitation of solutes and polymers

occurred, and composite microspheres or microcapsules were formed [21]. The

surface properties such as roughness, morphology, charge, chemical composition,

surface energy, and wettability all affect biomaterial interaction with biological

compounds. These surface properties can be modified in various ways, which

include, but are not limited to, laser treatment, ion implantation, or plasma and

NPs grafting. Each method provides a unique route to the surface modulation

with its pros and cons [22].

5.2 Classification of surface treatment

Surface modification and heat treatment are available to improve the use of the

material and in order to save energy and natural resources. In addition, they can

achieve the desired properties of the alloys and components that are used in the

automotive industry [23]. Today, a variety of commercial techniques are available

in the industry. A flowchart of possible steps involved in surface treatment is shown

in Fig. 5.1.

Heat treatment does not dramatically change the morphology but does harden

the matrix, which leads to an increase in alloy strength. Increased hardness of

composite materials can be achieved by heat treatment in an electric furnace

[24]. Table 5.1 shows the test conditions and the materials of the investigations.

There are two steps involved in the heat treatment of the material: (1) solution

for processing: alloy or composite powder is heated for 3 hours at a temperature of
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400�C; and (2) hardening: the treated material is quenched in water or in air [24].

Gupta and Ling [25] investigated Al�7%Si, Al�10%Si, and Al�19%Si alloys.

The results show that the microstructural characteristics and mechanical properties

of Al�Si alloys were correlated with silicon, aluminum, and recycling methods.

The selection of the method of heat treatment is very important to produce parts

of reliable quality. Other factors affect the quality and reliability of the final compo-

nents: refining, casting, and rolling. In addition, the wear resistance, stiffness,

fatigue strength, hardness, and microstructure of the heat conditions and treatment

outcomes are major factors. It is very important to make sure that an appropriate

method is used for these factors. Types of heat treatment to produce automobile

parts are shown in Table 5.2.

Figure 5.1 Flow chart of possible steps involved in surface treatment.

Table 5.1 Test conditions and the materials of the investigations based on the effect of

heat treatment of polymer and alloys.

Reference Apparatus Matrix type Test conditions

Gupta and

Ling [25]

DMD

technique

Hypo/hyper-eutectic

Al�Si

Specimens were solutionized

for 1 h at 529�C
Ardakan

et al. [26]

DSRW Hypereutectic A390

(Al�17Si)

500�C for 1 h, followed by

immediate quenching in

normal water before aging at

175�C for 8 h

Eshaghi et al.

[24]

Pin-on-disk Hypoeutectic Al�Si

alloys

520�C for 12 h followed by

quenching in water at 60�C
Vencl [30] Pin-on-disc Hypoeutectic Al�Si

alloy A356

Solution annealing at 548�C for

6 h, followed by water

quenching

DMD, dynamic mode decomposition; DSRW, Dry sand rubber wheel.
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Eshaghi et al. [24] investigated the microstructure and wear behavior of hypoeu-

tectic Al�Si alloys with iron contents of 0.15, 0.7, and 1.2 wt.%. Dry sliding wear

tests were performed on a pin-on-disk tribometer under normal loads of 20, 30, and

40 N. The results showed that the highest wear resistance was before the heat treat-

ment under the loads tested. T6 heat treatment improved the wear resistance of the

alloys with different iron contents compared to the nonheat treated 0.7 wt.% iron

alloy under all applied loads. The change in the morphology of the phase particles

reduced the probability of nucleation and propagation of subsurface cracks and

increased the wear resistance in the samples [25,26].

The wear properties of A390 (Al�17Si�4.5Cu�0.5Mg, wt.%) hypereutectic

Al�Si alloy were compared to new alloys containing 6 and 10 wt.% Mg. The wear

test results showed an improvement in wear resistance for alloys with high Mg con-

tent. The microstructure of the worn surface indicated that the intermetallic Mg2Si

particles in alloys with 6% and 10% Mg addition are more solidly bonded to the

matrix compared with the coarse primary silicon particles in A390 alloy, which can

be pulled out from the matrix. The worn surface of the A390 alloy exhibits deep

and nonuniform grooves compared with shallow and uniform grooves for the high

Mg content alloys, resulting in the improved resistance to wear.

Gomez de Salazar and Barrena [27] investigated the effects of high wear resis-

tance. Maximum hardness of the matrix is obtained when the composite was

Table 5.2 Types of heat treatment and surface hardening for automotive components.

Types of heat

treatment

Purpose Typical components

Solution

treatment and

aging

Optimize hardness and strength of Al

and age hardening metallic

materials

Aluminum casting: T/M

and Dif. casings In.

and Ex. valves

Thermal spraying

(plasma)

posttreatment

Obtain the desired spray molten

particles compensation for wear,

etc.

Piston ring, lifter

periphery,

synchronizer ring

Quench coating Improving the surface properties of

the molded protective film on

quenching

Fasteners, V.S. retainer

Low temperature

processing

Deep cooling at the end of the

conversion rate

Gears, dies

Shot peening

(0.8�1.4C steel

or cast iron)

Spray particles to increase fatigue

strength and residual stress

Leaf and coil springs

Hard, twice shot

hardening

Spray large and small hard particles to

increase residual stress for higher

fatigue force

T/M and differential

gears

Hardening solids

(fine particles)

Spray small particles to clean, remove

the surface layer and the formation

of dimples shot

Piston skirts,

continuously variable

transmission drums
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heated at 560�C for 3 hours, cooled in an ice water at 0�C, and aged at 175�C for

7 hours. It is found that T6 heat treatment increased the hardness of the matrix,

and so it was admitted to metal matrix composites. A356 alloy meets or exceeds

all requirements for mechanical strength, flexibility, strength, fatigue, tightness

of pressure, and efficiency. While Basavakumar et al. [28] studied the micro-

structure and dry sliding wear behavior of Al and Al�7%Si�2.5%Cu cast alloys

with different melt after treatment, as a refinement of the grain, and showed that

the combined grain refined and modified Al�7%Si�2.5Cu cast alloys’ micro-

structure, with Al grains evenly distributed, and a fine network of eutectic Al�Si

and fine particles in the CuAl2 region. These alloys exhibited improved wear

resistance in the as-cast condition compared with those in the untreated alloy.

Das et al. [29] investigated the effect of reinforcement and heat treatment on

two-body abrasive wear of Al�Si alloys, and their study showed that the alloy

and composites have a minimum speed of wear after heat treatment due to the

improved hardness.

Vencl [30] studied the effect of casting alloys. They found that the value of the

constant wear was higher than in the heat-treated alloys and composites. In the pro-

cess of wear, cracks mostly originated in the matrix and reinforcement interfaces.

Heat-treated alloys and composites showed high strength and hardness, which

reduced the tendency to crack and showed improved strength. Both alloys require

liners or surface treatment of the cylinder walls of sufficient strength to operate

[31�33]. Hegde and Prabhu [34] showed that these alloys are used for the modifica-

tion of the melt treatment, which converts the needle morphology of silicon fiber and

shows improvement in strength and elongation. Rao et al. [35] studied the effect of

heat treatment for various loads, sliding speed, wear, high temperature, pressure, and

friction coefficient. The maximum hardness of the material is maintained for 6 hours.

The aging time is increased from 4 to 10 hours. Li et al., [36] show that in Al-7.5%Si

the mechanical properties improved by the addition of Y heat treatment T6, and a

good combination of strength (353 MPa), the yield point (287 MPa), the strength and

elongation (12.1%), by adding 0.3%. In the foundry 10 different thermal treatments

(Table 5.3) are generally practiced with many additional variations.

5.3 Surface treatment including polymerization

Polymers come from natural or synthetic sources, and can be relatively easily

formed into structures which range from simple foil to various complex shapes.

They offer a wide range of physical and chemical properties due to the large diver-

sity in their chemical composition, which makes them interesting candidates for

biomedical applications. Their use is limited by their mechanical properties, such as

tensile strength and Young’s modulus, which are irregular in comparison to other

materials in traditional medicine, such as metals or ceramic composites. On the

other hand, the polymers are very flexible and capable of withstanding heavy loads

because of the high degree of freedom in the movement of the individual polymer
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chains. The polymers are crystalline materials and the degree of crystallinity affects

their stress�strain behavior which can vary from stiff to high elasticity [38�40].

Due to their versatility, polymers are widely used materials for scientific and indus-

trial applications. Various polymer substrates offer a wide range of physicochemical

properties which may be further modified by various methods of surface treatment

to achieve characteristics suitable for each individual application. Methods of sur-

face treatment can be varied from large, such as chemical modification or treatment

of the UV lamp, changing properties of a few square nanometers of surface, while

the have accurate affecting simple square nanometers, changing only a few atomic

layers of the substrate such as laser treatment [41,42]. Any type of surface modifi-

cation will lead to a change in surface chemistry and morphology, which in turn is

more or less significant, influencing the optical, mechanical, tribological, and vari-

ous other electrical properties of the modified substrate. Such changes should occur

only in a small depth from the surface, while the bulk of the modified polymer and

hence its properties should remain unchanged [43]. While polymers are promising

materials for many biomedical applications, they are rarely used in their original

form. Polymers in their native state typically are biologically inert, and thus surface

treatment is necessary to turn them into more advanced materials that induce a spe-

cific response to different biological molecules or when they come in contact with

the surface. Modulation properties of polymeric substrates, such as morphology and

roughness, as well as physicochemical composition are necessary to achieve the

Table 5.3 Temperature designation of polymer and alloys [37].

T1 Cooled from an elevated temperature shaping process (such as extrusion or

casting) and strengthened by naturally aging to a substantially stable condition.

These products are not cold-worked

T2 Annealed to improve ductility and dimensional stability of a product. These

products are cold-worked

T3 Solution heat-treated (quenched), cold-worked by a flattening or straightening

operation to strengthen the product, and naturally aged to a substantially

stable condition

T4 Solution heat-treated (quenched) and strengthened by naturally aging to a

substantially stable condition

T5 Partially solution heat-treated (quenched), then artificially aged. These products

are not cold-worked

T6 Solution heat-treated (quenched) and artificially aged. These products are not

cold-worked

T7 Solution heat-treated (quenched), then overaged/stabilized. These products are

artificially aged to carry them beyond a point of maximum strength to provide

control of some significant characteristic other than mechanical properties

T8 Solution heat-treated (quenched), cold-worked, then artificially aged

T9 Solution heat-treated (quenched), artificially aged, then cold-worked to strengthen

the product

T10 Partially solution heat-treated (quenched), artificially aged, and then cold-worked

to strengthen the product
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desired interaction between the polymer and the biological agent. Appropriate sur-

face modification can lead to changes in the morphology of the polymer surface,

which leads to various nanoscale structures that serve as reference points for spe-

cific proteins of the cell membrane, thus improving cell adhesion to the surface

[44]. Cell adhesion to the substrate is a two-stage process. First, a cell adheres to

the surface via noncovalent interactions (van der Waals forces, hydrogen bonding,

and electrostatic, polar, and ionic interactions) between specific molecules in the

cell membrane and the polar groups on the substrate surface. The second step con-

sists of the adhesion of molecules, such as fibronectin, vitronectin, collagen, and

laminin, to the extracellular matrix receptors under control. Cells attach via integrin

receptors located in the cytoplasmic membrane of the amino acid sequences

[45,46]. The polymer depends on all the physicochemical and morphological prop-

erties of the polymer surface, as above, which gives us the ability to modulate the

surface as required to improve cytocompatibility.

5.4 Effects of coating process on tribological properties
of polymer and alloys

One of the most important goals in the automotive industry is to improve fuel econ-

omy in order to reduce emissions and thus lower the use of natural resources. By

reducing vehicle weight and reducing friction in the engine and transmission sys-

tems, this goal is achievable. For example, one-third of the fuel energy in cars is

consumed to overcome friction in the engine including the transmission, tires, and

brakes [47]. Possible measures to reduce friction in the car are the use of advanced

coatings and surface modifications on the engine and drivetrain components. There

is growing global demand for energy saving, and with the help of modern technol-

ogy various energy efficiency and performance of operations improvements can be

achieved. The use of advanced surface treatment and functional coatings can reduce

the cost of repair of rotating equipment and can offer several options for improving

the sliding properties of metal surfaces [48].

Today more than 60% of the engines produced for vehicles use Al�Si alloys.

However, these alloys require surface treatments.

Many surface modification approaches have been examined, in order to improve

the properties of Al�Si alloys for the needs of the automotive industry. These pro-

cesses include microarc beam oxidation, remelting high power pulsed electron

beam treatment, plasma electrolytic oxidation, and plasma spraying [49]. Plasma

spraying is a more appropriate surface modification technology for a wide range of

applications in the automotive industry, and is particularly noted for its use for pis-

ton rings, generator covers, and the ceramic coating for oxygen sensor protection

[50]. Plasma spraying has clear advantages for fuel consumption and energy saving

by increasing the surface hardness and reducing the coefficient of friction (COF) of

the drive components in the car. Various factors influence the friction behavior of

coated tribological contacts [51].
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5.5 Surface treatment including nanocoating and
microencapsulation

Recently, the potential for expanding the use of Cr2O3 coatings has focused consid-

erable attention on the use of these materials as wear-resistant coatings in different

aerospace and automotive industries [52]. Plasma spraying has become the most

commonly used for a wide range of Cr2O3-based ceramic coatings, which show

favorable tribological behavior, that is, high antiwear and easy oil lubrication [53].

However, the plasma processing parameters and process characteristics strongly

affect the quality of coatings, such as the microstructure and chemical distribution

structure, hardness, adhesion, and strength properties [54]. The surface coatings can

be divided into the following application fields [55]:

� Coatings to increase wear resistance
� Coatings to improve thermal properties
� Coatings to increase the knock resistance
� Coatings to improve sliding characteristics

The tribological properties of the coatings of Cr2O3 at high temperatures were

studied. However, the tribological properties of ceramic Cr2O3 coatings with a low

COF and wear obtained in dry sliding conditions are still unacceptable in many high-

temperature applications. Thus it is important to find effective lubrication for Cr2O3

ceramic coatings when they are used in applications in extreme temperatures [56].

However, only a limited number of experiments have used grease to cover Cr2O3

ceramics. There are many methods to remove the surface sediments and pollution

that affect significantly the rate of wear negatively on the surface layer during the

process of sliding. Table 5.4 shows test conditions and materials of investigations.

Hieman [57] used chromium oxide (Cr2O3) and found that these coatings have

good wear resistance and corrosion resistance. In addition, the very high hardness

HV 0.5 kg of chromium coatings was useful in marine and other diesel engines,

water pumps, and pressure rollers. Ouyang and Sasaki [58] examined the

Table 5.4 Test conditions and the materials of the investigations based on the effect of

coating material.

Reference Apparatus Matrix

type

Test conditions

Hieman [57] Chromium oxide

(Cr2O3)

Al�Si

alloy

Plasma spraying

Ouyang and

Sasaki [58]

Pure Cr2O3 coating Al�Si

alloy

Plasma spraying with

additives, CaF2, Ag2O, and

ZrO2

Bakshi and

Wang [69]

Composite coatings

containing

aluminum

Al�11.6%

Si alloy

Cold spraying
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microstructure and tribological properties of high-temperature low-pressure plasma

spray Cr2O3 ceramic coatings on composites. ZrO2 and Cr2O3 components were

observed in the form of small lamellar structures; Ag2O was observed in the form

of individual particles with different levels. Some crystal structures of ZrO2 grains

or dendritics were clearly observed in the ZrO2 strip on polished friction composite

coatings with high levels of additives at room temperature and the wear rate gradu-

ally decreased with the increase of Cr2O3 coatings. An intrinsic property of the sur-

face cleaning method can be so aggressive that it can smooth the surface of the

material excessively [59]. Kitsunai et al. [60] investigated Cr2O3 coatings on stain-

less steel, analyzing the microscopic wear modes for Cr2 coatings. The sliding wear

processes for 100 cycles were subsequently observed in a scanning electron micro-

scope and they were also compared with stainless steel SUS304. It was found that

regimes fall into the crack and powder form, scale, and plowing and powder forma-

tion. These modes of wear are mainly due to the fracture.

Voevodin et al. [61] found that the application of the coating could reduce wear of

components made of Al alloys by several orders of magnitude. Wang and Tung [62]

found that the DLC, Ni�P�SiC, and Si3N4 Ni coatings allowed less severe wear to

390 Al than a TiN coating. Gui et al. [63] showed that some Al/SiC interfaces were

very clean. Wang et al. [64] researched tribological coatings and the compatibility

between the piston skirt and of aluminum or cast iron bore counter surfaces. The

results show that the aluminum piston skirt coatings composites Ni P BN coating

internal resistance and friction durability without oil. CDS anodized surface coatings

with good resistance to seizure showed significant improvements in power.

Gary and Luan [65] discussed in detail the use of magnesium-based substrates

for surface modification technology of the coatings, conversion coatings, anodizing,

chemical vapor deposition processes, laser surface alloying, and organic coatings.

With growing global demand for energy, and with the use of advanced technology

and a variety of energy efficiency, processing capacity, operation, and maintenance

should be increased.

Nakata and Ushio [66] improved the wear resistance of Al�17%Si with different

iron content and showed good wear resistance—about four times the substrate and

a low COF and interaction between the coating. Vetter et al. [67] reported that the

improved methods of deposition of PVD, PECVD, and thermochemical treatment

of heat and thermal spraying have been developed. Transmission and engine appli-

cations of these new techniques are becoming more and more widespread. A variety

of substrates (e.g., aluminum alloys, hardened steels, etc.) are optimized to create

surfaces, geometry influences (e.g., holes), and operating costs.

Vissutipitukul and Aizawa [68] used the microstructure in the course of forma-

tion of uniform hardness. Dry wear test method was used to prove the degree of

wear and friction under the protective layer. The results showed the low specific

volume of less wear proved the ongoing process of the nitriding surface treatment

of aluminum alloy. Functional coatings offer several options for improving the slid-

ing properties of metal surfaces.

Bakshi and Wang [69] investigated composite, aluminum and 11.6% by weight of

silicon eutectic alloy coatings containing different stages. The compositions were
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prepared using cold spraying. Two coatings containing the same width and height

distribution Al�Si particles showed more signs of the particles. Dry tests showed

the wear plate sliding volume loss of the ball and Al/C, despite the increase in the

microhardness of composite coatings. Friction coating aluminum has decreased execu-

tion time. The composite coatings containing aluminum and aluminum�11.6 wt.% sili-

con eutectic alloy phases of varying compositions were fabricated using cold spraying.

The results showed the hardness of the coatings increased as the volume fraction of

Al�Si in the coating increased. The COF of aluminum coating reduced on increasing

Al�Si [69].

Bao et al. [70] used Al�Si composite coatings reinforced 0%, 0.5%, and 2% by

volume. Nanodiamonds were synthesized by plasma spraying. The effect on micro-

structure, hardness, and tribological performance of nanodiamonds composite coat-

ings were examined. Plasma spray-coated nanodiamonds have excellent potential as

wear-resistant coatings in the automotive industry. In an internal combustion engine,

coatings and surface treatments are often used for one or more elements of pistons,

piston rings, and cylinder liners used by the system. In recent years, nanotechnology

has gained popularity among manufacturers and researchers because of the excellent

results obtained by controlling the composition of the material. The term nanotech-

nology was first presented by a professor of literature at Tokyo University of Science

in 1974, Norio Taniguchi. He defines it as follows: “Nanotechnology in the depart-

ment of general treatment consists of two consolidation and deformation of materials

by one atom or molecule” [71]. Powder which is used for thermal spraying contains

many powdered metals, metal alloys, and ceramic powders. In addition to the above,

there is a growing demand for oxide ceramics, such as TiO2, Al2O3, Cr2O3, ZrO2,

and on the industrial scale for thermal spray coatings, as shown in Table 5.5.

5.6 Effects of WS2 nanoparticles lubricants on polymer
and alloys

Recently, it was discovered that the WS2 and MoS2 NPs (inorganic fullerene-like)

when mixed with the oil and impregnated porous matrix of powder materials, seem

Table 5.5 Some applications of ceramics as coating material [72].

Ceramic materials Application areas

Cr2O3, Al2O3, TiO2,

Al2O3�TiO2, Cr2O3�TiO2,

carbides

Wear-resistant coating on textile machinery,

automobile parts, pistons, jet engine and, pump

components, etc.

ZrO2�Y2O3, magnesium

zirconate

Thermal barrier coatings on diesel engines, aircraft

parts, gas turbine engine parts

Al2O3�TiO2, Al2O3 Electrical insulation coatings on computer systems,

high voltage components, etc.

Al2O3, hydroxy apatite Bioceramics (coating on implants)
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to improve the tribological properties of the contact surfaces in a certain range of

loads compared with typical metal lubricants. Layered solid materials, such as

graphite, MoS2, and WS2, are used as solid lubricant and as additives in liquid

lubricant. Minimum tangential resistance is often associated with the weak interac-

tion between layers [73]. The recent years have proved that the use of different

types of NPs on a large scale in order to reduce friction and wear under conditions

of high-speed loading and lubricants could achieve the objective [74]. These NPs

have been added to metal surfaces to prevent direct contact between the surfaces

during operation [25]. Where most additives phosphorus, sulfur, chlorine, and other

types that are more environmentally friendly materials and played an active role in

the improvement of the industrial technology [75]. These additives react with

metals to produce film produced by a chemical reaction at the contact between the

surfaces [76].

In some cases, the friction coefficient of the composite is lower than that of

the matrix material. Kao et al. [77] prepared and tested friction in a car brake

master cylinder. They studied the behavior of elastomeric seals and found that a

brake fluid of nonaluminum oxide with its spherical shape can greatly reduce

friction in order to prevent excessive wear on the seals, and reduce slippage in

the spot braking [78]. The main favorable benefit of the WS2 NPs was attributed

previously to the following three effects: (1) rolling friction; (2) the WS2 NPs

serve as spacer, which eliminate metal to metal contact between the asperities of

the two mating metal surfaces; and (3) third body material transfer [79].

Nonmetric tungsten disulfide (WS2) NPs appear to have excellent tribological

properties within a definite load range (PV� 150 Nm/s) in comparison with typi-

cal metal dichalcogenides. Reshak and Auluck [80] studied the electronic proper-

ties of 2H�WSe2 intercalated with Cu. They concluded that there is a weak

hybridization between the Cu states and W and Se states. They have prepared the

new materials WSxSe22x (x5 0.5 and 1.5) that possess second harmonic genera-

tion. It has been shown that these materials can be used as nonlinear crystals. Gu

et al. [81] have studied the application of CeO2 and CaCO3 NPs in lubricating

oils and found tribological chemical reactions in the friction surface of the metal

calcium, cerium, and metal oxide films.

To reduce the shear stress, Chang et al. [82] have studied the tribological proper-

ties of TiO2 nanolubricant on piston and cylinder surfaces. They concluded that the

lubricant with added TiO2 NPs can protect the piston ring surface. Zhang et al.

investigated the effect of Cu NPs on the tribological behaviors of serpentine pow-

ders (SPs) suspended in diesel oil. They determined that there is an optimum mass

ratio of Cu NPs to SPs of 7.5:92.5. With the addition of the above mixture to oil,

the tribological properties can be significantly improved compared with those of the

oil containing SPs alone.

In recent years, many researchers have been devoted to the study of friction and

wear of polymer and alloys behavior. However, most of these studies were con-

ducted under conditions of dry friction. Many studies on lubricant friction have

been conducted mainly on polymer and alloy morphology and the effects of friction

and wear resistance of these alloys. In addition, studies of friction and wear tests
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have been conducted mainly in the air [83]. Al�Si alloys are widely used, espe-

cially in automotive parts, such as in piston and engine blocks for internal combus-

tion engines, automotive air-conditioning compressors, and inclined plates.

5.7 Conclusion

It is known that the environment around contacts have a significant impact on the

tribological performance. Thus this chapter is summarized below:

� Most researchers agree that the sliding surface topography has an important role in under-

standing the nature of the surface. As a result, microtopography, the contact between two

moving surfaces, is an important basis for the development of basic concepts. In recent

years, modern technologies and the size and the availability of digital computers have

allowed us to describe and measure the surface shape of polymer and alloys [84].
� In the literature, although many studies have been conducted on the dry sliding of poly-

mer and alloys, some researchers have studied the lubricating effect of the alloys in piston

engines. The study of alloys has received the most attention. This is due to the fact that in

alloys corrosion resistance is high and there is a low coefficient of thermal expansion

[85].
� Researchers agree that the wear depends on the silicon content in the polymer and alloys

and the minimum volume. Their strength and durability of other alloying elements,and the

higher Si (for example, 17% Si) are the most popular. 17% Si alloy and alloy 390 are nec-

essary for many applications where there is high durability of Al�Si alloys. The differ-

ence in the light wear (,5 μm), characterized by the formation of a particle mode and are

mainly composed of aluminum oxide. Thus, generated soft modes of wear, oxidation,

wear mechanism of wear particles of regime of large (. 15 μm), some of the wear on the

surface of metal , but its depends on the sliding speed and load , changes in behavior of

wear that occur at high temperature [88].
� In recent years, most researchers agree that copper increases the wear resistance of poly-

mer and alloys. The use of up to 1% magnesium is also helpful in reducing the wear .

Sodium works well as a modifier in the absence of phosphorus (P), since it has a tendency

to react with P. Na is working as an effective modifier in all crystallization conditions,

copper�tin bronze tin is used as a material carrying properties of high wear resistance

and friction of the material. Reducing high concentrations of Pb reduces wear aluminum

alloy and the strength of the alloy at high temperatures on the surface. Other elements are

usually made of titanium, sodium, useful for reducing wear [85,88].
� mechanisms of polymer and alloys at room temperature were divided into three stages. In

the first stage, particles are removed in the matrix in ultra mild wear , and In the second

stage, UMW- II started to increase wear aluminum by increase load and sliding speed. In

stage (UMW-III). Laboratory tests and dynamometer studies have shown that the hypereu-

tectic Al�Si alloys can be a potential substitute for the expensive hypereutectic Al�Si

alloys and cast iron liners. However, some unresolved issues require further study [88].
� .To optimum properties, several studies, including the effect of heat treatment, coating

hypereutectic and hypoeutectic Al - Si alloys, such as high ambient temperature to simu-

late the effect of surface treatment, the benefits of thermal spraying on the piston, the cyl-

inder block made of cast iron. Researchers agree that the treatment of the surface is used

to increase the life of components and structures, especially in the surface. Plasma
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deposition of Cr2O3 and Ni/Cr, Al2O3, TiO2, and Al2O3�TiO2 coatings are wear-resistant

coatings which are widely used in the automotive industry. They have several key advan-

tages that will help in the further implementation of the technology in mass production.

However, no comprehensive studies have shown a comparative assessment of NPs.

Thermal spray processes are combined to provide raw materials that can be found in the

literature. In addition, some studies in the open literature on microstructures and mechani-

cal and tribological properties of NPs show conflicting results. Some researchers agree

that the rheological properties of nanometer NP oil lubricants and their tribological perfor-

mance indicate that they can be used to reduce wear and friction. Oils without NPs reveal

the level of friction and loss that the NPs dispersed oil lubricants can reduce, thus improv-

ing the mechanism. The NPs used, such as CeO2, CaCO3, WS2, and MoS2, as well as the

promotion of the contact surface in the form of a combined, reduce wear on the surface of

the film. Thus the lubricant which is added to the NPs can protect the surface of the piston

[89]. However, the tribological performance of polymer and alloys requires a careful

assessment. The ability of nanopowder coatings surface and nanolubrication to reduce

wear, improve the mechanism, microhardness, impact strength, and durability depends on

the properties of the raw materials and the process parameters, as well as the different

methods used for the study of friction and wear of alloy behavior. There is a need to con-

tinue the development of environmentally sound technologies to meet the needs of the

industry in better fuel economy, comfort, safety, durability, and cost and emissions stan-

dards. International collaborative efforts on the line really need solutions for the automo-

tive industry [88,89].
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[1] J.W.H. Wennink, Y. Liu, P.I. Mäkinen, et al., Macrophage selective photodynamic ther-

apy by meta-tetra (hydroxyphenyl) chlorin loaded polymeric micelles: a possible treat-

ment for cardiovascular diseases, Eur. J. Pharm. Sci. 107 (2017) 112�125.

[2] Y.-J. Wang, M. Larsson, W.-T. Huang, et al., The use of polymer-based nanoparticles

and nanostructured materials in treatment and diagnosis of cardiovascular diseases:

recent advances and emerging designs, Prog. Polym. Sci. 57 (2016) 153�178.

[3] V. Bakola, V. Karagkiozaki, F. Pappa, et al., Drug delivery nanosystems for cardiovas-

cular stents, Mater. Today Proc. 4 (7) (2017) 6869�6879.

[4] Y. Fan, Q. Yang, H. Han, et al., Clinical characteristics and causes analysis of atrial

fibrillation in elderly patients, J. Cardiovasc. Pulm. Dis. 35 (9) (2016) 715�718.

[5] Y. Fan, Q. Yang, J. Lv, X. Pang, X. Chen, Clinical characteristics analysis of heart fail-

ure in elderly patients, J. Cardiovasc. Pulm. Dis. 34 (6) (2015) 444�451.

[6] V.E. Bosio, J. Brown, M.J. Rodriguez, D.L. Kaplan, Biodegradable porous silk micro-

tubes for tissue vascularization, J. Mater. Chem. B 5 (6) (2017) 1227�1235.

95Surface modification, including polymerization, nanocoating, and microencapsulation

http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00005-1/sbref6


[7] World Health Organization, Global Status Report on Noncommunicable Diseases,

vol. 1, World Health Organization, Geneva, Switzerland, 2014.

[8] M.J. Fabra, P. Pardo, M. Martinez-Sanz, A. Lopez-Rubio, J.M. Lagaron, Combining

polyhydroxyalkanoates with nanokeratin to develop novel biopackaging structures,

J. Appl. Polym. Sci. 133 (2016).

[9] E. Bugnicourt, T. Kehoe, M. Latorre, C. Serrano, S. Philippe, M. Schmid, Recent pro-

spects in the inline monitoring of nanocomposites and nanocoatings by optical technol-

ogies, Nanomaterials 6 (2016) 150.

[10] J. Zink, T. Wyrobnik, T. Prinz, M. Schmid, Physical, chemical and biochemical modifi-

cations of protein-based films and coatings: an extensive review, Int. J. Mol. Sci. 17

(2016) 1376.

[11] W. Lu, J. Sun, X. Jiang, Recent advances in electrospinning technology and biomedical

applications of electrospun fibers, J. Mater. Chem. B 2 (17) (2014) 2369�2380.

[12] H. Chen, Y. Zhao, K. Xiong, et al., Multifunctional coating based on EPC-specific pep-

tide and phospholipid polymers for potential applications in cardiovascular implants

fate, J. Mater. Chem. B 4 (48) (2016) 7870�7881.

[13] M. Schmid, K. Reichert, F. Hammann, A. Stäbler, Storage time-dependent alteration of
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alloy A356, Ekoinżynieria 15 (2009).

[31] H. Yao, J. Li, N. Li, K. Wang, X. Li, J. Wang, Surface modification of cardiovascular

stent material 316L SS with estradiol-loaded poly(trimethylene carbonate) film for bet-

ter biocompatibility, Polymer 9 (11) (2017) 598.

[32] J.-L. Wang, B.-C. Li, Z.-J. Li, et al., Electropolymerization of dopamine for surface

modification of complex-shaped cardiovascular stents, Biomaterials 35 (27) (2014)

7679�7689.

[33] P. Li, L. Li, W. Wang, et al., Enhanced corrosion resistance and hemocompatibility of

biomedical NiTi alloy by atmospheric-pressure plasma polymerized fluorine-rich coat-

ing, Appl. Surf. Sci. 297 (2014) 109�115.

[34] S. Hegde, K.N. Prabhu, Modification of eutectic silicon in Al�Si alloys, J. Mater. Sci.

43 (2008) 3009�3027.

[35] R.N. Rao, S. Das, et al., Effect of heat treatment on the sliding wear behaviour of alu-

minum alloy (Al�Zn�Mg) hard particle composite, Tribol. Intern. 43 (2010)

330�339. 198.

[36] Y. Li, D. Zhang, et al., Rapidly solidified hypereutectic Al-Si alloys prepared by pow-

der hot extrusion, Trans. Nonferrous Met. Soc. China 12 (5) (2002) 878�881.

[37] R.D. Howard, Aluminum Heat Treatment Processes—Applications and Equipment,

2009, ,www.industrialheating.com..

[38] M. Santos, E.C. Filipe, P.L. Michael, J. Hung, S.G. Wise, M.M.M. Bilek, Mechanically

robust plasma-activated interfaces optimized for vascular stent applications, ACS Appl.

Mater. Interfaces 8 (15) (2016) 9635�9650.
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6Application of metal oxides in

composites
Said Eray

Patnos Vocational School, Ağrı İbrahim Çeçen University, Ağrı, Turkey

6.1 Introduction

Today’s modern and rapidly growing technology along with the need to make a bet-

ter use of available resources necessitates the development of high-performance

materials. In most cases, modern and high-tech engineering applications demand

advanced materials with a range of properties such as light weight, high strength,

high thermal stability, low thermal expansion and superior wear and corrosion resis-

tance. It is challenging to develop a monolithic material that provides a combination

of these properties. Composite materials have been widely investigated and devel-

oped over the last decades, in an attempt to reach the abovementioned property

combinations.

Composites, in its general meaning, are material composed of two or more com-

ponents which are insoluble in one another. The main concern is to use the desired

characteristics of each component in order to obtain a new material whose proper-

ties are superior to those of monolithic components each. Commonly, one of the

components, that is, matrix, is continuous and bind the other components together.

The other component, that is, reinforcement, is embedded within the matrix to

improve its weaknesses.

Composite materials can be classified based on either reinforcement type or

matrix material. Reinforcement phase can be dispersed within the matrix in the

form of particles or continuous/discontinuous fibers which are called particulate

composites and fibrous (fiber-reinforced) composites, respectively. The last member

of this classification is laminate composites that are composed of several layers of

particulate or fibrous composites. Reinforcement properties such as type, concentra-

tion, or fiber orientation differ within the layers.

Composites are commonly classified into three categories based on matrix

material:

� ceramic matrix composites (CMCs);
� metal matrix composites (MMCs); and
� polymer matrix composites (PMCs).

Matrix material determines the major properties of the composites and is

selected according to the requirements of the design. It is difficult to make a full

comparison of advantages and disadvantages of these three groups of matrix
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materials, since each group offer a wide range of properties. However, some basic

characteristic properties can be identified as summarized in Table 6.1.

A variety of nitride, boride, carbide, oxide, and glassy ceramic materials in form

of powders, whiskers, or fibers are used in the production of composites. However,

in this chapter, as indicated by the scopes of this book, the subject is confined into

only metal oxide powders and their applications in each composite category.

Particle size, amount, and distribution of the reinforcing phase and, processing

method play major roles in determining composite properties. So, it is challenging

to make a comprehensive comparison of the data available in the literature.

However, in this chapter, some examples of very common composites are given

and their important properties are discussed.

6.1.1 Application of metal oxide powders in ceramic matrix
composites

Ceramic materials intrinsically offer advantages over metals in high-temperature

applications. However, they suffer from low fracture toughness. Several methods

have been used to make ceramics tougher, of which the addition of

suitable reinforcement especially fibrous reinforcement is the most successful one.

Table 6.1 Basic characteristic properties of different materials.

Property Matrix material

Ceramics Metals Polymers

Density Low Medium to high Low

Thermal

stability

High Medium Low

Mechanical

properties

High shear and

compressive strength,

low impact strength,

very hard but brittle

High tensile strength,

good impact

strength,

moderately hard

and ductile

Poor

Conductivity Low thermal and

electrical conductivity

to insulating

Conductive Low conductivity

to insulatinga

Corrosion

resistance

Great Vulnerable but can be

improved via

alloying

Great

Shaping Difficult Capable of shaping,

cutting and joining

without breaking

Easy to shape

into complex

forms

Cost Less costly More costly Less costly

aThere exists some organic polymers with high electrical conductivity.
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Fig. 6.1 shows the SEM micrograph of fibrous reinforcement embedded in a

ceramic matrix. Embedded reinforcement improves fracture toughness by bridging

the cracks that may form and also by carrying part of the applied stress, thereby

increasing the energy required for crack propagation.

Unlike most metals, ceramic materials are seldom processed by liquid-state

methods like foundry because of their high melting point and their lack of success

in resisting thermal shocks. To overcome these limitations, a number of processing

techniques such as chemical vapor infiltration, sol�gel, and polymer precursor

have been developed. However, as far as metal oxide powders are concerned, the

main processing method is sintering of the powdery substance. Some common

methods are explained in the next section.

6.1.1.1 Processing of oxide-based ceramic matrix composites

Cold pressing followed by sintering
Cold pressing is a common method to fabricate oxide-based CMCs. In this method,

a mixture of matrix oxide powder and particulate or short fiber reinforcements is

prepared. The mixture is compacted into the desired form by either uniaxial or iso-

static pressing. Generally some water and organic binder are added to the mixture

so as to get enough strength for carrying the green compact. The binder is burned

out at low temperatures. The final composite product is obtained by consequent

heating of the green compact at a high enough temperature. The process is illus-

trated in Fig. 6.2.

Figure 6.1 The SEM micrograph of fibrous reinforcement embedded in a ceramic

matrix [1].
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This method suffers from high amounts of shrinkage (10%�20%) and resultant

problems of distortion, residual stress, and even cracking. In addition, this method

is not suitable for long fiber-reinforced composites as the reinforcements are dam-

aged during pressing.

Hot pressing
Hot pressing is alike to cold pressing but it combines pressing and sintering in a

single step. The simultaneous usage of pressure and high temperature helps to over-

come the problems associated with cold pressing and allows rapid consolidation of

the product at a considerably lower pressure. Hot pressing also serves to produce

composite parts with more complex shape.

Slurry infiltration
Slurry infiltration is the major process for producing long fiber-reinforced compo-

sites. In this technique, continuous fibers are immersed in a slurry of matrix mate-

rial (metal oxide powder). In addition to the matrix material, the slurry generally

involves water or alcohol as the liquid carrier, organic binders, and plasticizers. A

thin layer of matrix powder covers the surface of the immersed fibers which are

spooled around a drum. This allows these fibers to be shaped into the form of large

sheets of unidirectional fibers. These sheets are cut into the sizes and shapes needed

to the specific part being produced. The cutout layers are stacked onto each other

Figure 6.2 Cold pressing followed by sintering method for processing of CMCs. CMCs,

Ceramic matrix composites.
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generally at different fiber orientations and hot pressed to obtain CMCs. The pro-

cess is schematically shown in Fig. 6.3.

Lamination process
Lamination process is used for textile-based CMCs. In these composites, the rein-

forcing phase is fabrics of woven ceramic fibers. The slurry of matrix material is

infiltrated into the ceramic fabrics manually by a trowel. Infiltrated fabrics are

stacked onto each other until the desired thickness is achieved. This stack is then

cold or hot pressed in a mold. It also can be shaped by covering the stack with a

peel foil, putting it into a plastic bag and evacuating the bag. Lamination process is

a slow process and is suitable only individual items.

Figure 6.3 Slurry infiltration method for processing of fiber-reinforced CMCs. CMCs,

Ceramic matrix composites.
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6.1.1.2 Some examples of oxide-based ceramic matrix composites

The most frequently used oxides in the ceramic matrix are those of aluminum, sili-

con, titanium, and zirconium. Some basic properties of these oxides are given in

Table 6.2. Owing to its low density, low cost, high melting point, high hardness,

good chemical and thermal stability, and wear resistance, alumina (Al2O3) is the

mostly used matrix in CMCs. Some common examples of metal oxide powders

application in CMCs are given in following section.

Alumina�titanium carbide composites
Alumina�titanium carbide composites were first introduced as cutting tools for fer-

rous alloys in the early 1970s. They offered a high dimensional accuracy and fine

finish. These composites have high thermal shock resistance, high hardness, and

high fracture toughness. They maintain their hardness at high temperatures up to

800�C.
Commercially produced composites consist about 30%�40% of TiC. They are

produced by hot isostatic pressing of uniformly blended high-purity aluminum

oxide and titanium carbide powders. Generally, powders finer than 1 μm are treated.

Hot isostatic pressing provides minimal porosity level and high performance. A typ-

ical microstructure of Al2O3�TiC composites is shown in Fig. 6.4.

Alumina�silicon carbide composites
Being accepted as the most important nonoxide ceramic material, silicon carbide

(SiC) is widely used as either matrix or reinforcement in CMCs. It shows excellent

thermal and mechanical properties.

Silicon carbide is normally added, as the reinforcement, to the alumina matrix in

the form of whiskers. One of the most popular applications of Al2O3�SiCw compo-

sites is cutting tools. These oxide-based CMCs are used for machining of Inconel,

nickel-based superalloys, and other nonferrous alloys. Addition of up to 25 wt.%

SiCW to the alumina matrix results in low density product with considerable

improvement in fracture toughness, bend strength, and Young’s modulus. At the

same time, SiC whiskers decrease the coefficient of thermal expansion of the result-

ing composite and increase its thermal conductivity, thereby increasing its thermal

shock resistance. Al2O3�SiCW composites are fabricated by slip cast, cold pressing

followed by sintering or hot pressing routes.

Table 6.2 Properties of some oxide ceramics.

Density

(g/cm3)

Melting

point

(�C)

Young’s

modulus,

E (GPa)

Coefficient of thermal

expansion at RT,

α (1026K21)

Mohs’

hardness

Al2O3 3.96 2072 380�410 5.5 9

SiO2 2.65 1723 80�100 8.1 7

TiO2 4.23 1855 230�290 7.1 6.5

ZrO2 5.68 2715 180�220 7 8
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Silicon carbide is also added to the alumina matrix in the form of fibers. Silicon

carbide fibers (SiCf) provide much better durability, strength, and creep resistance

compared with other ceramic fibers such as carbon and alumina fibers. One com-

mercial use of Al2O3�SiCf is CMC shrouds of turbofan LEAP engine.

Alumina�zirconia composites
Alumina�zirconia composites are advanced materials which combine the high

hardness of alumina with excellent fracture toughness of zirconia. These composites

have increasingly being used in arthroplasty as a load bearing material, for example,

hip prosthesis (Fig. 6.5). Superior mechanical and tribological properties of

Al2O3�ZrO2 composites accompanied by their long-standing biocompatibility

enable the production of prostheses with relatively long lifetime. A typical SEM

micrograph of these composites is shown in Fig. 6.6. Either alumina or zirconia can

Figure 6.4 A typical SEM micrograph of Al2O3/TiC composite cutting tools [2].

Figure 6.5 Usage of Al2O3�ZrO2 composites in hip prosthesis [3].
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be used as the matrix material. One example where ZrO2 is used as the matrix is

alumina-toughened zirconia implants.

The other commercial application of Al2O3�ZrO2 composites is cutting tools.

Usage of SiCW as reinforcement in the cutting tools entails the problem of dissolu-

tion in steels and other ferrous alloys. SiC interacts with iron and is chemically

incompatible. Zirconia-reinforced alumina or zirconia-toughened alumina has been

developed to overcome this difficulty.

Zirconia can also be used as the matrix material while alumina plays the rein-

forcement role. Monolithic zirconia undergoes two phase transformations (cubic to

tetragonal at 2370�C and tetragonal to cubic at 1173�C) during cooling from high

temperatures that are accompanied by significant volume contraction. Yttria (Y2O3)

is added to zirconia to avoid these transformations at high temperatures and make

tetragonal or cubic structure stable at room temperature. This material is called

yttria-stabilized zirconia (YSZ). As an advanced ceramic material, YSZ has use in

oxide fuel cells as electrolyte and biomedical implants. It is reported [5] that the

addition of up to 30 mol.% of particulate or platelet alumina has decreased its den-

sity and improved its mechanical properties such as hardness, fracture toughness,

and elastic modulus.

Alumina�alumina composites
Alumina fiber�reinforced alumina or simply alumina�alumina composites are

lightweight high-temperature materials (their densities are about one-third of the

high-temperature steel alloys) with good thermal shock resistance and

acceptable stability in oxidizing atmospheres. These composites are being used for

high-temperature (up to 1150�C) applications such as flame tubes, hot gas

Figure 6.6 A typical SEM micrograph of Al2O3�ZrO2 composites [4].
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distributors, and furnace components [6]. Alumina�silica or alumina�zirconia mix-

tures can also be used as the matrix material.

Other oxide-based ceramic matrix composites
Silica matrix composites such as SiO2�CNT (carbon nanotube) and SiO2�AlN are

other examples for the use of metal oxides in the CMCs. However, they are com-

monly studied in laboratory scale researches with no commercial success. Other

example is TiO2�Al2O3 composites which are generally used as wear and corrosion

resistant coatings on metals such as steels.

6.1.2 Application of metal oxide powders in metal matrix
composites

MMCs combine characteristic properties of metals such as ductility, formability,

toughness, electrical conductivity, and thermal conductivity with those of ceramic

materials such as thermal durability, low density, high hardness, high modulus, and

low coefficient of thermal expansion.

Ceramic materials are used in the form of particulate, whiskers, short, and long

fibers to reinforce the matrix metal. Discontinuously reinforced composites, that is,

particulate-, whiskers-, and short fiber-reinforced composites, are cost-effective and

are suitable for mass production. In addition, they are isotropic material and can be

subjected to deformation and cutting to produce complex parts.

A wide range of carbides, oxides, borides, and nitrides can be used as the rein-

forcing phase. In the following section, we will confine ourselves to only

particulate-reinforced composites and also to metal oxide powders as the reinfor-

cing phase.

6.1.2.1 Processing methods of particulate-reinforced metal
matrix composites

Standard powder metallurgy
Standard powder metallurgy or powder metallurgy (PM) is a versatile method for

producing various discontinuously reinforced composites. This method includes

blending of matrix and reinforcement powders followed by consolidation of the

mixture to obtain composite. It is very similar to the cold and hot pressing methods

as previously explained for CMCs. The main difference is that microstructure of

the matrix alloy can be refined, and reinforcement distribution can be better con-

trolled by ball milling the mixture prior to consolidation. In addition, secondary

processing methods such as extrusion and rolling can be applied to improve

mechanical properties and achieve full consolidation.

In situ powder metallurgy
Standard PM methods prevent problems associated with the liquid phase methods

such as unwanted reactions at reinforcement-matrix interface and inhomogeneous

particle distribution. However, they are relatively expensive due to the high cost of

alloy powders and the relatively long mixing times required to obtain a
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homogeneous mixture. In situ PM (IPM) overcomes these challenges by using alloy

ingots as raw materials and producing homogeneous powder mixture during the

process.

In this method, matrix alloy is melted and then stirred vigorously in the presence

of a sufficient amount of nonwettable particles (Fig. 6.7). The melt is disintegrated

by the collision of high energy particles and, upon cooling, results in a homoge-

neous mixture of matrix alloy and reinforcing particles. The process is schemati-

cally shown in Fig. 6.8. The mixture can be further processed via routine

consolidation methods. IPM has successfully been used for the production of

Al�Al2O3 and Al�SiC composites. The main disadvantage of the process is its

being batch-wise. Furthermore, the properties of the alloy powder are interrelated to

the type, particle size, and amount of the reinforcing particles which, in turn, make

it difficult to control the process and properties of the resultant composites.

Stir casting
Stir casting is the simplest liquid-state processing method for fabrication of

particulate-reinforced MMCs. In this method, particulate reinforcement is gradually

added to the molten matrix metal which is stirred mechanically. Schematic diagram

of the process is shown in Fig. 6.9. A graphite impeller is generally used for stir-

ring. A vigorous stirring is required to ensure a good distribution of the reinforce-

ments. The reinforcement-molten matrix slurry is subsequently cast by conventional

methods. The composite product is obtained upon cooling.

The main disadvantage of this method is the agglomeration of particles. This sit-

uation can become even worse when suspended particles are repelled by the solidi-

fication front. Particle repulsion can be largely overcome by rapid solidification.

Care must be taken to avoid gas entrapment in the melt during stirring which can

result in porosities and unwanted reactions with the melt.

Figure 6.7 Schematic diagram of IPM setup [7]. IPM, In situ powder metallurgy.
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Figure 6.8 Schematic snapshots of the mixture (A) at the beginning of stirring, (B) at longer

stirring times, and (C) after solidification [7].

Figure 6.9 Schematic diagram of stir casting method.
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When compared to PM methods, stir casting is a simple and economical method,

offers better matrix�reinforcement bonding and allows fabrication of large parts.

Infiltration method
In this method, a molten metal percolates through and fills the pores of a preform

of compacted reinforcing particles, fibers etc. Synthesis of the preform with

acceptable mechanical strength and permeability is the key step in this process. The

driving force for the percolation process can be capillary forces (spontaneous or

pressureless infiltration), gas or mechanical pressure, centrifugal forces, vacuum,

etc. Some commonly used infiltration methods are schematically shown in

Figure 6.10 Some commonly used infiltration methods.
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Fig. 6.10. This method produces near net shape composites with intimate control

over the distribution of the reinforcement. However, it is not suitable for composites

with low percentages of reinforcing particles. It is applicable when a high volume

fraction of reinforcement is desirable.

6.1.2.2 Some examples of metal matrix composites reinforced
with metal oxide powders

Aluminum matrix composites
A sort of metals such as iron, nickel, copper, titanium, and their alloys can be used

as the matrix material but for many researchers MMCs refer to those of aluminum

and its alloys. A combination of properties, such as low price, low density, good

corrosion resistance, high conductivity and being amenable to precipitation harden-

ing, has created a great demand for aluminum alloys as matrix material. They are

used in such an extent that forms its own classification of aluminum-based MMCs

or simply aluminum matrix composites (AMCs).

They are processed by both liquid-state processes and PM. Liquid-state processes

are suitable for mass production and provide low cost and high-processing rates.

However, generally they are not suitable for composites containing higher than

20 vol.% of reinforcements due to agglomeration. Higher percentages (up to 50 vol.

% in some cases) can be homogeneously distributed in the matrix by PM route.

The most commonly used metal oxide reinforcement is alumina. Alumina has

greater stability in Al matrix compared to the most commonly used nonoxide rein-

forcement, that is, SiC. Addition of micron-sized alumina improves wear resistance

and compressive strength of the composites. Addition of nanosized alumina can

also improve tensile and yield strength of aluminum alloy. It is reported [8] that

10 vol.% of 50 nm alumina powder to Al 319 alloy can increase its yield strength

to 515 MPa which is 1.5 times greater than that of AISI 304 steel. This makes it a

good choice for connecting rods, brake rotors, brake calipers, and drive shafts,

where high strength is required. Other applications of Al�Al2O3 composites in the

automotive industry are piston rings and brake disks, where high wear resistance is

essential. Addition of graphite gives self-lubricating property to these composites

which are used in pistons and cylinder liners. As an example, Honda fabricated

engine cylinder liner (Fig. 6.11) from an AMC (12% Al2O3 powder1 9% carbon

fiber). The cylinder liners were fabricated by squeeze casting.

Other metal oxide reinforcements are SiO2, TiO2, MgO, and ZrO2. Mechanical

and tribological properties of the composites reinforced with these oxides have

been studied by many researchers. Nonetheless, unlike Al�Al2O3 composites, they

are not yet commercially available.

Magnesium matrix composites
Although the mechanical and thermal properties of magnesium and its alloys are

inferior to those of aluminum alloys, they are of interest to engineers as the lightest

construction materials. Magnesium alloys are, therefore, a natural choice for the

aerospace and automotive industries, where fuel consumption is required to be
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minimized. Magnesium alloys are also extensively used in sports equipment. Many

researches have been conducted to enhance the mechanical properties of magne-

sium alloys using an appropriate reinforcing agent. The most commonly used oxide

reinforcement is that of aluminum, that is, Al2O3. The addition of nano- and submi-

cron alumina has been reported [10,11] to significantly increase tensile strength,

yield strength, and hardness of the magnesium and decrease their coefficient of

thermal expansion. However, ductility was adversely affected.

Other metal oxides used as the reinforcement are ZrO2, SiO2, and Y2O3. In a

study [12] to compare the effects of ZrO2 and SiO2 as a reinforcement, it is reported

that ZrO2 results in higher hardness and yield strength, whereas SiO2 gives higher

ultimate tensile strength. Although not as good as Al2O3, ZrO2, and Y2O3 have

comparable beneficial effects on the mechanical properties of Mg composites.

Titanium matrix composites
Compared to aluminum, titanium proposes higher stiffness, much better corrosion

resistance, higher Young’s modulus and better high-temperature durability.

Although titanium is more expensive, the abovementioned properties make it a

good choice for the aerospace industry and medical uses, where attaining the

desired properties are far more important than the cost. However, the high reactivity

of titanium in both liquid and solid states imposes limitations on the processing

method of titanium-based composites and on the type of the reinforcement. This

problem has led to little success in production of Ti-matrix composites using oxide

reinforcements. In most of the cases, a compound of Ti such as TiC and TiB2 are

used as the reinforcement.

Copper matrix composites
Copper is of interest for its excellent electrical and thermal conductivities.

Nevertheless, pure copper is soft and has poor mechanical properties and low wear

resistance. When alloyed, its characteristic properties, that is, electrical and thermal

conductivities, are adversely affected. This problem can be overcome to a large

Figure 6.11 Honda Prelude engine with AMC cylinder liner [9]. AMC, Aluminum matrix

composite.
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extent by the use of copper-based composite materials. A variety of metal oxides

such as Al2O3, ZrO2, SiO2, Y2O3, and TiO2 are used to reinforce the copper matrix.

Although not as worse as alloying, the addition of electrically insulating oxide par-

ticles to the matrix decreases the conductivity of the resultant composites. Some

additives such as silver [13] have been used to improve the conductivity of oxide-

based composites, but the major focus has been on the use of conductive reinforce-

ments such as graphene and CNT.

Iron matrix composites
Iron alloys, especially steels, are the most important construction materials due to

their high mechanical properties, abundance, and reasonable prices. Steel-based

composites are of little importance when improvement in mechanical properties

such as tensile strength is concerned. However, in some cases, density reduction,

improved wear resistance and enhanced high-temperature properties have become

the major motivation for the processing of this group of composite materials.

Zirconia-reinforced steel has been produced by infiltration method [14]. Lower fric-

tion coefficient and better wear behavior of the composite has been reported.

Similar effects are reported [15] for the addition of Al2O3 particulates to steels.

Oxide dispersion strengthened (ODS) steels are the most significant and industri-

ally used steel-based composites. Nanosized dispersed oxide particles, for example,

Y2O3 and Al2O3, considerably increases high temperature properties of steels (creep

resistance in particular). In fact, nickel alloys were the first alloys which were

strengthened by dispersion of nanosized oxide particles for high-temperature appli-

cations. Nickel alloys have been preferred to a greater extent because of their excel-

lent corrosion resistance at high temperatures. However, the high price of nickel

alloys has shifted researches toward the use of cost-effective steel materials. ODS

steels are used in turbine blades, heat exchanger tubes, nuclear reactors, and the

outer protecting layer of space crafts.

6.1.3 Application of metal oxides in polymer matrix composites

Properties such as low density, low cost, and ease of fabrication make polymers

attractive as a group of engineering material. However, they are of low thermal

resistance and low mechanical and electrical properties. Thermal properties of poly-

mers cannot be improved significantly but their mechanical and electrical properties

are enhanced via PMCs. For this purpose, either natural (sisal, kenaf, flax, etc.) or

synthetic (glass, carbon, aramid, boron, alumina, etc.) fiber reinforcements are

widely used by engineers. A car door trim fabricated from hemp fiber�reinforced

polyethylene is shown in Fig. 6.12. Fiber-reinforced PMCs have found many appli-

cations in the automotive, aerospace, and marine industries.

Generally, particulate inorganic materials are added to the fiber-reinforced

PMCs to enhance their properties. However, the major limitation is the mismatch

between the polymeric matrix and most of the inorganic reinforcements. In

contrast to metals and ceramics, which are crystalline materials, polymers are

composed of large molecules in long chains. This situation results in a weak

115Application of metal oxides in composites



matrix�reinforcement bond arising from intermolecular forces only. This problem

can be overcome by functionalization along with a dispersion on a molecular scale,

that is, nanoscale. This can lead to chemical bonding and substantial improvements

in mechanical properties. Polymer-based composites reinforced with inorganic

nanoparticle (NP) have progressively attracted attention due to their unique proper-

ties. The effect of metal oxide powders, which are most commonly added to PMCs,

is described later.

6.1.3.1 Alumina-reinforced polymer matrix composites

Aluminum oxide is one of the promising inorganic reinforcements (also referred to

as fillers in the case of PMCs) used in PMCs. Provided proper dispersion and

suitable interfacial bonding, addition of small amounts of nanosized alumina parti-

cles to the polymeric matrix can result in tremendous improvement in mechanical

properties such as tensile strength and Young’s modulus [17]. Alumina is also

added to improve thermal and electrical conductivity of the polymeric matrix [18].

In addition to the abovementioned applications, alumina may be used where optical

transparency is also important. Fig. 6.13 shows the fairly transparent composite

obtained by the addition of 1 wt.% nanosized alumina to polycarbonate (PC)

polymers.

6.1.3.2 SiO2-reinforced polymer matrix composites

Silicon dioxide NPs have properties, such as abrasion resistance, optical ultra-

violate filtering, luminescent, and biocompatibility. They also have low refractive

index and high mechanical and thermal stability. The surface of SiO2 NPs have a

Figure 6.12 Car door trim fabricated from hemp fiber�reinforced polyethylene [16].
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high concentration of hydroxyl groups which makes them to be easily functiona-

lized. Provided good dispersion in the matrix, they can share these characteristic

properties with polymers.

One of the most noticeable effects of the SiO2 NPs is improving mechanical and

tribological properties of PMCs. These properties along with their excellent chemi-

cal durability make these composites a suitable choice as a protective coatings

where wear resistance and/or corrosion resistance are needed.

Unique electrical properties of SiO2 NPs also attracted the attention of research-

ers to introduce a new generation of dielectrics, that is, electrically insulators. In the

recent years, conventional oil paper and ceramics insulators have been replaced by

different kinds of polymeric ones. It was reported by many researchers [20] that the

addition of SiO2 NPs to these polymers improves their electrical breakdown

property.

Another use of SiO2 NPs is optical fibers. Polymer optical fibers are of advan-

tages over the glass fibers due to their flexibility, low cost, and ease of production.

Resistance of these fibers to abrasion and scratching can be improved by addition

of ceramic NPs such as silica, alumina, and zirconia. At the same time, it makes it

possible to adjust the refractive index of the fiber over the required range [21].

SiO2 NPs are also utilized in the production of mixed matrix membranes. These

membranes are used for gas separation. Addition of SiO2 NPs into the polymer

matrix enhances the gas permeability especially for low-permeable polymers.

However, in most of the cases the selectivity of the separation process is adversely

affected.

6.1.3.3 TiO2-reinforced polymer matrix composites

Titanium dioxide is the other commonly used reinforcement in PMCs. In addition

to the improvements in mechanical properties, TiO2 decreases water absorption

[22] by the polymeric matrix, thereby hindering composite degradation.

6.1.3.4 ZnO-reinforced polymer matrix composites

Zinc oxide (ZnO) is used as piezoelectric, sensing, dielectric, and electromagnetic

shielding constituent in PMCs [23]. However, it has been reported that its addition

decreased mechanical properties because of weak interfacial adhesion between the

nano-particles and the matrix [24].

Figure 6.13 Transparencies of (A) PC neat resin, (B) 1 wt.% alumina-PC composite [19].

PC, Polycarbonate.
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Silica (SiO2) is also used in PMCs. It is reported [20] SiO2 NPs can be used in

PMCs to enhance mechanical and tribological properties, impose flame retardancy,

and control optical properties.

6.2 Conclusion

Unique mechanical, thermal, electrical, and chemical properties, together with

abundance and low cost, have made metal oxides an attractive material for engi-

neers. However, monolithic metal oxides show low tolerance to crack propagation

and have low fracture toughness. This problem can be overcome via making com-

posites. Appropriate reinforcing materials can be added to ceramics to produce

CMCs with enhanced fracture toughness. Some examples are alumina�titanium

carbide and alumina�silicon carbide composites which have applications in cutting

tools and shrouds of turbofan LEAP engines. The other method to use the beneficial

properties of metal oxides is to use them as the reinforcing materials in the metallic

or polymeric matrices to obtain metal matrix and PMCs. Powders of aluminum

oxide, titanium dioxide, silicon dioxide, zirconium oxide, and yttrium oxide are

widely used as the reinforcing materials. MMCs have been increasingly used in dif-

ferent industries, particularly in the automotive and aerospace industries. PMCs

reinforced by metal oxide powders are the least developed group of composites due

to the mismatch between inorganic reinforcement and polymeric matrix. However,

many researches are being conducted to enhance the properties of these composites.

It is reported that the addition of functionalized and nanoscale metal oxides can

solve the mismatch problem, thereby improving the properties of PMCs.

References

[1] Wikipedia contributors, “Ceramic matrix composite,” Wikipedia, The Free

Encyclopedia, [Online]. Available from: ,https://en.wikipedia.org/w/index.php?

title5Ceramic_matrix_composite&oldid5 945949321. (accessed 15.03.20).

[2] E.D. Whitney, Ceramic Cutting Tools: Materials, Development, and Performance, Noyes

Publications, NJ, 1994.

[3] F. Baino, J. Minguella-Canela, F. Korkusuz, P. Korkusuz, B. Kankılıç, M.Á.
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7.1 Introduction

Metals reacting with oxygen form the corresponding metal oxides (MOs) that are

generally water insoluble solids at room temperature produce salts after interacting

with acids. Some MOs are acidic/amphoteric and produce salts after reacting with a

base, as noted in the case of aluminum oxide producing sodium aluminate in

sodium hydroxide [1].

The transition MOs (TMOs) are unique among the known MOs because of the

loosely bound and unpaired d-electrons that enable compound formations with dif-

ferent stoichiometries and variable oxidation states. Consequently, lower ionization

potentials of these compounds, arising out of the hybridizations of their atomic

orbitals, offer possibilities of synthesizing the engineered MO-complexes with pro-

grammable features. The resultant properties of these TMOs are currently invoking

special interests for applications in designing complexes with known features using

theoretical models. Interactions involving TMO and nanomaterials (NMs) of lower

dimensions (i.e., 0, 1, and 2D), including organic and inorganic species, are cur-

rently being used in preparing compounds useful in human healthcare and environ-

ment. The special features of these compounds are worth examining further for

their yet unexplored applications. Especially, those comprising of MO species as

nanoparticles (NPs), nanorods (NRs), nanoclusters (NCs), nanosheets (NSs), and

hierarchical supramolecular structures of inorganic/organic species are reviewed

here with special reference to their biomedical applications. Numerous possibilities

are currently under study because of the atomic and molecular level changes that

are possible to introduce during their chemical syntheses [2�6].

The micro- and nanostructured MO species comprising atomic/molecular-thin

2D-NSs are evoking interests for using them in catalysis, sensing, and energy stor-

age applications. A large number of inorganic 2D-NMs have been synthesized (top-

down or bottom-up methods), producing mono/multiple-layered NS-structures for
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their uses in sensors, theranostics, drug delivery, wound management, a variety of

nanobiomedical devices that are examined as important constituents of the MO-

technology as discussed in Refs. [7�11].

Conventionally exfoliated NSs from naturally occurring oxide crystals of Mo,

W, Ga, and V were found stable under ambient conditions due to oxygen-

terminated unit-cells forming single or multiple-layered planar sheets. There are

several other substoichiometric noncrystalline compounds of Ti and Zn oxides,

which were also exfoliated either from their stratified-compounds or layer-by-layer

(LbL) deposited samples followed by postgrowth stabilizations using charged-

motifs or functional groups. The family of perovskite-NSs offer a good example of

ABO3 stoichiometry having A and B-ions at the corners and center of a cubic unit

cell, respectively, prepared by LbL depositions and stabilizations. The layered-

perovskites of ABO3 stoichiometry contain interleaved thin-sheets of A and B-

cations of varying motif-layer thickness and lateral off-setts of the perovskite layers

with reference to each other. There are three types of “Aurivillius” (AU),

“Dion�Jacobson” (DJ) and “Ruddlesden�Popper” (RP) phases, in which, the AU-

phase [Bi2O2]-[A(n21)BnO3n11] with Bi2O2 separating motif produces

stable Bi2WO6 and SrBi2Ta2O9-layers. Similarly, the DJ-phase [MA(n21)BnO(3n11)]

with a separating motif layer of alkali metal or lanthanide ions (M) produce

LaNb2O7, (Ca, Sr)2Nb3O10, CaLaNb2TiO10, and La2 Ti2 NbO10 sheets. The

RP-phase with separating motif layer produces the compounds such as SrLaTi2
TaO10 and Ca2 Ta2 TiO10. The polarized phases of these perovskites could thus be

put to use in preparing a number of dielectric and ferroelectric materials. Likewise,

superconducting oxides were formed involving planar cuprates and CoO2. These

quasi-2D-TMOs were stabilized using La, Ba, and Sr-ion dopings as discussed

already [12,13].

Robust physicochemical properties of the planar sheets of MnO2, MoS2, and

Co3O4 were easily modified and used in preparing nanoplatforms of biomedicines.

The redox behavior of MnO2-NSs with three atomic layers, where each Mn is coor-

dinated to six O-atoms, form edge-sharing MnO6 octahedra and Mn-vacancies

make them negatively charged. Moreover, the d�d transitions of Mn-ions exhibit a

broad absorption spectrum (200�600 nm) with large extinction coefficient

@380 nm. The associated properties of these NMs are found structure sensitive as

discussed in the cited literature [14].

The MnO2-NSs were found decomposing organic pollutants, dyes, and heavy

metal ions with environment-friendly behavior due to their octahedral crystal struc-

ture. The broad-spectrum optical absorption of MnO2-NSs overlapping with fluores-

cence excitation and/or emission spectra of the organic dyes, QDs, fluorescent-NPs,

and metal-NCs, helped in quenching of fluorescence resulting in Förster resonance

energy transfer (FRET) type of interactions between MnO2-NSs and the organic

dyes/fluorescent NMs. A new class of biosensing platform was, subsequently,

developed for probing DNA-hybridizations and aptamer-target interactions leading

to the adsorption of the single-stranded DNAs on the MnO2-platelets due to van der

Waals (vdW) interactions between the nucleobases and the basal plane that pro-

duced negatively charged double-stranded DNAs (dsDNAs). The presence of Mn41
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imparted strong oxidizability and catalytic activity causing faster decompositions.

Most of these features associated with various forms of the MnO2-NMs were

already discussed in Ref. [15].

MnO generated from MnO2 was used for detecting the reducing biological spe-

cies besides using Mn21 as MRI contrast agent for bioimaging along with higher

drug-loading capability. The MnO2-NSs could penetrate across the cell membranes

resulting in cancer drug delivery. Of late, MnO2-NSs, have also been used in bio-

sensing, drug delivery, bioimaging, and cancer therapy using them in varying topol-

ogies as reported [12,15].

7.2 Syntheses

Principles of “top-down” and “bottom-up” methods syntheses of the 2D-mateials in

general are outlined in Fig. 7.1A and B with brief descriptions. The specific techni-

ques for preparing MO-NSs are highlighted in the following text.

Figure 7.1 Basic schemes of 2D-materials syntheses for several applications including

biomedicine. Part (A) describes the “top-down” approach of preparing the 2D-nanomaterials

of inorganic, organic, polymeric, and biomolecular origin involving surface modifications of

the basic building blocks before conjugating them with appropriate chemical moieties for

preparing nanocomposites with designed physico-chemico-biological properties. Part (B)

describes the “bottom-up” route, where the basic material building blocks are prepared using

atomic and molecular species that are subjected to the process of self-assembly of

monolayers, which are further deployed in synthesizing heterostructures and superlattices for

numerous useful design of supramolecular hierarchical structures with intelligent properties.
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Commercially viable syntheses of 2D-NSs should, in principle, not only be cost-

effective but also green in nature. For reaching this stage, it will be necessary to

examine various routes already explored in this context in the recent past and the

understandings gathered therefrom. Some of the salient features of these develop-

ments are discussed later.

Hydrothermal depositions of 2D-MOs using soft/hard-template-scaffolds were

carried out successfully. In soft-templated techniques the surfactants of flexible

organic molecules, bioprotein, and block-copolymers were used for preparing

micellar-morphologies. Using the electrostatic attraction, hydrogen bonding, and

vdW forces among the surfactant molecules and NMs, the conversion of the precur-

sors into nanostructures could be realized. In one-step synthesis, sodium dodecyl

sulfate (SDS) templates could produce MnO2-NSs involving redox reaction between

KMnO4 and SDS through hydrolysis. Water-dispersed MnO2-NSs were prepared

using cetyltrimethylammonium bromide, 2-(N-morpholino) ethanesulfonic acid

(MES), and KMnO4 as cationic surfactant, reducing agent, and precursor, respec-

tively, leading to self-assembly of a stable oil/water emulsion enabling faster reac-

tions between KMnO4 and MES at the interfaces. Protein-directed-syntheses are

now emerging fast as low cost, simple, and environment-friendly green processes,

involving biotemplates to produce NSs, NPs, and NCs. Using the capsid proteins,

MnO2-NSs were prepared, for the first time, via the oxidation of Mn21 in alkaline

solution showing peroxidase-like activity and antioxidant behaviors. Likewise,

MnO2-NSs were also formed on hard-templates including graphene oxide (GO),

montmorillonite, SiO2-NPs, Fe3O4-NPs using KMnO4 precursor. MnO2 and gra-

phene nanocomposites were prepared by adding MnSO4 into GO-suspension result-

ing in Mn21 attached to graphene. During hydrothermal reaction at 140�C, GO was

not only reduced forming MnO2-NSs but also attached radicals like ketones, qui-

nines, carboxylic, hydroxyl, and others, forming negatively charged NSs.

Requirement of high temperature, and pressure over a long duration was generally

considered as a disadvantage of the hard-template methods asking for replacement

with low-cost and simpler techniques. Having done all these, still it is difficult to

control the size, shape, and uniformity of the final products besides the presence of

residual surfactants, organic substances, macromolecules besides cost of the biotem-

plates. With these limitations of the soft-template processes, further investigations

are still needed. Moreover, several template-less techniques were also reported to

synthesize MnO2-NSs using MnCl2 � 4H2O and H2O2 as precursor and oxidizing

agents, respectively, to produce MnO2-NSs within a day. In the presence of H2O2

and tetramethylammonium cations (TMA), Mn21 ions were oxidized to MnO2 in

an aqueous solution at room temperature, in which, the cations inhibited the floccu-

lations producing good dispersion.

Room-temperature metal�insulator transitions were observed in a double-

exchange process of MnO2-NSs involving double-exchange of Mn (III)-O-Mn

(IV) structures followed by a low-oxygen-pressure thermal anneal of the pristine

MnO2-NSs. Subsequently, a 30 minute process of one-step redox reaction involv-

ing aqueous KMnO41MES buffer at pH 6 could produce MnO2-NSs at room

temperature.
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In situ synthesis of MnO2-CQDs-nanocomposites was reported using KMnO4

and MES along with the fluorescence reporter-CQDs for fluorescence quenching-

based detections. A template-free direct synthesis of MnO2-NSs was accordingly

performed on the surface of the core�shell NaYF:Yb/Tm@NaYF-NPs.

Recently, a composite of graphitic-phase C3N4(g-C3N4) and MnO2-NSs was

reported using one-step facile production of MnO2-NPs with a broad absorption

band (250�500 nm wavelenghts), which matched well with the optical characteris-

tic of MnO2-NSs. The absorption spectrum of MnO2-NPs, overlapping well with

the fluorescence-emission of g-C3N4-NSs, could thus be used in FRET system. The

fluorescence was restored after adding GSH due to reduction reactions. This could

be put to use in cancer cell detection by monitoring the fluorescence signal change

of UCNPs as a function of GSH in aqueous solutions with a minimum detection

limit of B0.9 mM. This principle of fluorescence-based detections involving car-

bon dot-MnO2-NSs, quantum dot-MnO2-NSs, organic dye-MnO2-NSs, metal-NCs-

MnO2-NSs, and polymer fluorescence-NPs were developed, accordingly, for the

detection of GSH and other substances subsequently as reported elsewhere. One-

step based rapid and selective FRET sensing of GSH was reported using C-dots-

MnO2 nanocomposite. For example, a novel FRET platform was reported using C-

dots and MnO2-NSs as the energy donor�acceptor pairs for GSH sensing in human

whole blood samples and intracellular fluids, respectively. For the further study of

GSH in living cells a fluorescence “turn-on” nanosensor using graphene quantum

dots-MnO2-NSs composite was reported for selective GSH detection in the living

cells (minimum detection limit of B150 nM). Cost-effective, fast, and user-friendly

biosensors for GSH detection using QDs-MnO2 nanocomposites have currently

been in more demand with user friendly, fast, and accurate point-of-care testing

capabilities involving lateral flow test-strip assay that is convenient to use as

reported. MnO2-NSs-CuNCs�based nanoprobes were reported involving easier

decomposition of MnO2-NSs by being easily H2O2.

The oxides of Zn, Ti, Fe, Mn, Mo, and W were found better for biosensors, drug

delivery, and bioimaging with enhanced contrast, photo/electro-luminescence, and

surface functionalizations. A variety of polymeric composites with higher stability

in liquid media, and directional charge-transfer properties along the planes were

discussed in detail in several publications [16�18].

7.3 Cytotoxicity

Compared to most of the TMOs with lower toxicity, the oxides of V and Mo were

found slightly genotoxic. Even with the limited data available till date on 2D-

TMOs regarding their overall biological impacts, the preliminary toxicity studies of

these materials were particularly found influenced by the exposed crystal facets at

their edges, defect density, and chemical compositions, with trends similar to those

of 2D-transition metal dichalcogenides (TMDCs). There are reports available on

in vitro cell viability assays for determining their toxicity, including MoO3 and
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MnO2, which clarified that MoO3-NSs could induce toxicity in breast cancer cell-

line MCF-7 and activate the caspase pathway, but not in the HaCAT cells. 2D-

MoO3 platelets were also found toxic to bacteria after noting a significant decrease

of cell viability reported in the breast cancer cell-line MCF-7. An in vivo toxicity

test of 2D-TiO2 in a mice model exhibited low toxicity following intraperitoneal

injection causing particle accumulation in the liver, which led to minor abnormali-

ties after prolonged exposure as discussed separately [19].

7.4 Applications

A variety of applications of 2D-NMs are getting added to the list of their uses with

continuous improvement in syntheses of better materials along with the improved

understanding of the atomic-level changes explored through more advanced theoret-

ical modeling and characterization. Their electronic transport properties were espe-

cially found influenced by the changes taking place during their conjugation with a

large variety of lower dimensional chemical species, which are foreseen to open

newer ways of using them. Some of the recent advances made in this context are

summarized later.

7.4.1 Bioimaging and theranostics

Nanoparticulate iron oxides were widely used as a negative or positive magnetic

resonance imaging (MRI) contrast agents, depending on their lateral dimensions

that showed improved performances in the case of the sizes .10 nm. However,

other 2D-paramagnetic-TMOs, such as MnO2-NSs, demonstrated lower efficiencies

in MRI, as the Mn-ions in MnO2 lattice were shielded from water and hence did

not contribute to the spin�lattice or spin�spin relaxation of the protons. Instead,

paramagnetic Mn21 ions in MnO-NSs were found as stronger MRI contrast agents

allowing an efficient interaction with water molecules. MnO2-NSs undergoing dis-

solutions due to reduction could produce Mn21 in the presence of intracellular glu-

tathione after endocytosis triggering the activation of the T1-MRI. Because of the

d�d transitions of Mn-ions in the MnO6 octahedral configuration, MnO2-NSs

exhibited intense light absorption resulting in luminescence quenching in the com-

pounds. The reduction of MnO2-NSs into Mn21-ions in the presence of glutathione

led to the reemergence of the luminescence and hence could be used in fluorescent

imaging of the cancer cells.

It was also reported that the weight ratios between the drug and the carrier for

PEGylated 2D-MnO2 was B90%, which is comparable to those of the other 2D-

materials such as 2D-TMD and graphene. MnO-NSs could thus be used for concur-

rent ultrasensitive pH-responsive MRI and drug release/delivery. The fast break-up

of MnO2-NSs in a mildly acidic environment enabled such theranostic applications.

Several-layered MnO2-NSs were found rapidly dissociating in the low-pH environ-

ment of the cancer cells ensuring that the drug-induced apoptosis of the target
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cancer cells after the NSs were endocytosed. MnO2-NSs were also used as protec-

tive materials for complexation with a DNAzyme (a therapeutic gene-silencing

agent) against enzymatic protein digestions, resulting in the smooth delivery of the

therapeutic agent to the target cells.

The 2D-substoichiometric-MoOx is another material with remarkable drug-

loading capability of 230% for SN38 and 80% for Ce6 due to the presence of large

adsorption sites. The 2D-MoOx possessing a strong plasmonic absorption peak in

the near infrared (NIR), based on its substoichiometry and free charge carrier con-

centrations, could efficiently be used in photothermal therapy when PEGylated. A

rapid heating of the target cancer cells (e.g., up to 55�C) was observed in just

10 minutes upon irradiation with 808-nm laser. The pH-dependent decomposition

of 2D-MoOx also facilitated their excretion out of the body after injection.

Similarly, 2D-substoichiometric-WOx demonstrated excellent photothermal effi-

ciency, with which the temperature of the target cells could be raised to 44�C via

980 nm laser irradiation.

Because of the low absorbance of most of the 2D-TMOs in the NIR, the investi-

gation of photothermal therapy has still not been advanced much. Through the

induction of doping and oxygen vacancies in 2D TMOs, their free charge carrier

concentration were increased to higher values (1020�1021/cm3), leading to the gen-

eration of plasmonic absorption peaks in the NIR region and that could possibly be

put to use in efficient PTT as described elsewhere [19�21].

MnO2-NSs have widely been used as the fluorescence quencher. The controlled

degradation of MnO2 inside the tumor with low-pH and high-GSH concentrations

leading to MnO2 induced fluorescence quenching could be restored once MnO2 was

reduced to Mn21 offering controlled imaging capability. Recently, several MnO2

nanostructure�based bioimaging platforms were reported for intracellular or

in vivo imaging. For instance, urchin-shaped MnO2-NMs were found pH-

responsive contrast agents for in vivo MRI imaging in mice tumors. The degrada-

tion of MnO2-NSs was explored under the conditions of low pH in tumor cells and

observed that the Mn21 ions so produced had MRI properties. When DOX-PEG-

MnO2 composite species were taken inside the cells through endocytosis, low pH-

responsive MnO2 could decompose into Mn21, which acted as a highly efficient

T1-MRI CAs for the in vivo nude mice tumor imaging. Meanwhile, the conjugated

DOX was released in the tumor tissues that induced apoptosis offering successful

cancer theranostics in intelligent form. In order to improve the quality of single

MIR imaging, a novel dual fluorescence/MRI platform was also developed for

imaging cancer cells using MnO2-Cy5-labeled aptamer-based nanoprobes, which

could target, recognize, and enter tumor cells, wherein, the overexpressed GSH

could dissociate MnO2 and release Cy5-labeled aptamers as well as Mn2
1. These

Cy5-labeled aptamers could, thus, be used for fluorescence imaging along with

Mn2
1 contrast agent for MRI in a dual fluorescence/MRI platform for cancer cell

imaging. The feasibility of an NS�sgc8 nanoprobe for cellular MRI was also evalu-

ated by examining CCRF-CEM cells (e.g., human T-cell acute lymphoblastic leuke-

mia cell-line cells) and Ramos cells incubated with nanoprobes at different

concentrations. These observations made in connection with various imaging
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modalities and image-enhancing methods based on MnO2-NSs were developed to

provide help in cancer detection in its early stages and their applications in cancer

management subsequently as discussed in the recent publications [22].

7.4.2 Biosensing

“Optical Biosensing Platforms” required for detecting a variety of biomolecular

species are currently being investigated using MO-NSs with significant light

absorptions that quench the luminescence of the fluorophores when conjugated

mainly via FRET. However, upon optical irradiation of the analyte, the phenome-

non of luminescence is restored either due to structural changes or reduction in

binding affinity between the target luminescent material and 2D-TMOs.

Luminescent materials including organic fluorophores, C-based materials, and

upconversion NPs employed along with the different biomolecular species, includ-

ing H2O2, glucose, ascorbic acid, ochratoxin A, ascorbic acid, cathepsin D, DNA,

adenosine, glutathione, microRNA, thrombin, and aflatoxinB1 (AFB1), have been

examined exhibiting the minimum detection limit over a wide range of concentra-

tions (pM to M). The electrochemical intercalations of the ionized species with the

oxides of W, Mo, and Nb could increase the electron concentrations via band-

structure changes. Consequently, the resultant plasmonic properties were put to use

in detecting the associated species, as reported by several groups. Consequently, the

properties of MO-NSs in the planar form were used in biomedical applications

involving sensing, molecular adsorption, biological imaging, drug delivery, and

cancer therapy, especially, in the light of their lower cytotoxicity and higher

biocompatibility in the case of the lamellar MnO2-NSs. Highly oxidizing MnO2-

NSs, possessing strong catalytic activity, have also been used in realizing three

broad categories of nanobiosensors involving the phenomenon of fluorescence, in

addition to their significant electrochemical, and colorimetric interactions examined

very recently and discussed in detail in the referred publications [15,23�27].

7.4.3 Therapeutic applications

Sufficient indications are already there for deploying nanostructured materials and

their conjugates with biomedically active species providing better alternate thera-

pies against diseases that are otherwise turning resistant to the antibiotic treatments.

How does it happen in these formulations that are prepared from the combinations

of lower dimensional materials of organic, inorganic, and biomolecular species

would certainly require further investigations to understand the basic mechanisms

involved before using those. Some of the developments reported in this context are

summarized for highlighting the current status.

7.4.3.1 Cancer therapy

MnO2-NSs decompose due to overexpressed GSH in cancer cells as effective ther-

apy involving a core�shell-based magnetic upconversion (MSU) composite probe.
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Amino modified Fe3O4@SiO2-NPs and carboxyl functionalized NaYF4:Yb, Er-

NPs, and MnO2-NSs layer deposition onto MSU provided drug loading and release.

Targeted delivery of Fe3O4 to tumor cells was achieved at the lesion sites followed

by fluorescence recovery and upconversion-based luminescence. These MnO2-NSs

carriers could detect intracellular glutathione and trigger DOX release.

Subsequently, some more molecular target species involving folic acid (FA) and

hyaluronic acid (HA) were also examined for tumor targeting by incorporating

them in extracellular matrix (ECM), cell surface, and intracellular matrix of various

body tissues besides their specific receptor bindings that were highly expressed on

the tumor cell surface [28].

A multifunctional theranostic system was reported for tumor targeting and MRI

using FA as targeting agent and MnO2-NSs as drug carrier and potential MRI agent.

The MnO2-PEG-FA/DOX-NSs were found efficient in delivering DOX to tumors

in vitro and in vivo because of the folate receptors. Quick MnO2 dissociation into

Mn21 enabled MRI with a high-GSH concentration. Biodegradable NS�based plat-

forms were used in tumor-targeted theranostics involving the active targeting and

efficient MRI capability causing pH-responsive multiple reductions. Similarly, BSA-

MnO2-DOX NMs (BMDN) were fabricated for cancer MRI and reversing multidrug

resistance in the tumors. BMDN delivered drug into the MDR tumors with enhanced

cellular uptake, reduced drug efflux, and decreased hypoxic tumor environment

besides acting as an effective in vitro/vivo MRI agent. Consequently, different

research groups could develop targeted delivery platforms of HA-modified mannan-

conjugated MnO2-NPs (Man-HA-MnO2-NPs) for alleviating the tumor hypoxia with

better chemotherapy responses by reacting with H2O2. The tumor treatment with

Man-HA-MnO2-NPs and DOX could increase the diffusion coefficient of breast

tumors, inhibiting tumor growth and proliferations along with better MRI contrast.

Coordination-polymer-shelled-MnO2 composites in the form of multistage redox/pH/

H2O2-responsive nanoplatform were used in cancer treatment by broadening their

applications in MRI and cancer treatment. A series of drug delivery platforms based

on MnO2 composites were also reported for GSH bioimaging in CEM cells and tis-

sues using two-photon mesoporous silica (TP-MSNs) coated with MnO2-NSs fluores-

cence. DOX-loaded MSNs with photo-sensitizer Chlorin e6 (Ce6) were used in

which aptamer of cancer cell (Sgc8) was adsorbed on the surface of MnO2-NSs and

acted as gatekeeper for TP-MSNs and quencher for TP-fluorescence and MRI con-

trast agent. This scheme was used in intracellular GSH-imaging, as well as targeting

the CEM cells for releasing DOX and Ce6 in the cancer cells, besides synergizing

chemotherapy and PDT. Knowing the relation between GSH concentration and SOR

generation, a multifunctional chlorin e6 (Ce6)-MnO2 based system could inhibit

extracellular SOR by Ce6 with fewer side effects and enhanced cellular uptake of the

photosensitizers for efficient PDT. The MnO2-NSs could deliver Ce6 into cells in

PDT showing higher promises in monitoring various types of cancers. Chemical con-

jugation of MnO2-NSs with PEG-NH2 could improve its water solubility/physiologi-

cal stability and reactivity toward H2O2 within the tumor. Multifunctional

Ce6@MnO2-PEG could provide enhanced tumor-specific PDT and MRI in solid

tumors as reported in the recent publications [11,20,29�36].
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While examining ZnO and Fe3O4-NPs, it was observed that the size, dispersion,

and light affected antibacterial properties of ZnO-NPs were found useful in wound

dressings and coatings for various medical devices preventing biofilm formations.

Magnetic Fe3O4-NPs was found appropriate for MRI contrast agents, hyperthermia

tumor therapy, bioseparations, and targeted drug delivery. In addition, coated

Fe3O4-NPs loaded with drugs have been finding their uses in antibacterial and anti-

fungal applications as reviewed recently [37].

Engineered organic/inorganic-NPs have been recognized for deep tissue noninva-

sive imaging using superparamagnetic NPs/QDs as image contrast agents. Fast

responding aerosol-based pulmonary drug deliveries have been explored in this con-

text. PTT for cancer treatment using Au-NPs responded well. MSPs and lipid-NPs

were found to be alternate carriers explored currently for targeted gene/drug deliv-

eries and aerosol-assisted thin films for sensor applications. Well-known syntheses

routes and surface functionalization schemes have been found critical in imparting

biocompatible features. However, several aspects like long-term stability, toxicolog-

ical impacts, site-specific internalization, and metabolism of NP-based drug/drug

vehicles still require better evaluations and deeper understanding. Techniques for

controlling structure and composition of NP, for instance, have been found critical

in drug delivery, imaging, and sensing applications in improving the human health.

It might be easier to control the functionalities of such smart materials that are

responsive to light, magnetic field, pH, or heat, in targeted deliveries, controlled

release, medical implants, tissue scaffoldings, and wound dressings, to name a few.

Raliya et al. were skeptical in treating human ailments despite the fast-growing

applications of NPs with benefits by raising concerns about the unknown toxic

issues related to deploying them as drug carriers that would also deliver the toxic

species into the human body. For example, though the aerosol drug delivery has

been found effective in taking the drugs to the blood stream in noninvasive manner,

the same route might also take the toxic species as well to the brain via olfactory

system after bypassing the blood�brain barrier. The potential inadvertent impacts

on the human health must be evaluated more carefully and exhaustively before

deploying NPs in biomedical applications as emphasized [38].

Protein absorptions of PEGylated NPs in the cultured cells were studied by link-

ing polymer to the maximal grafting density achievable. Changes in effective

hydrodynamic radii of the NPs upon adsorption of human serum albumin (HSA)

and fibrinogen (FIB) were measured in situ using fluorescence correlation spectros-

copy. An increase in thickness (B3 nm) was noted due to HSA monolayer adsorp-

tion at higher HSA concentration in bare NPs and 50% of this value was found in

PEGylated NPs. The detailed characterization of PEGylated NPs involving fluores-

cence lifetime and quenching experiments suggested that the HSA molecules were

buried within the PEG shell. In vitro uptakes of the NPs by 3T3 fibroblasts were

reduced by B10% upon PEGylation with 10 kDa chains. Pelaz et al. noted in their

studies that the PEGylation, though did not completely prevent protein adsorption,

still showed the reduction of cellular uptakes with respect to the bare NPs [39].

PEGylation has been used in improving the efficiency of drug and gene deliveries

to the target cells/tissues. With improved systemic circulation time and decreasing
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immunogenicity, the influence of PEGylation on the administered formulations have

been studied till date as it protects the surface from aggregation, opsonization, and

phagocytosis in prolonging the systemic circulation time. Suk et al. examined the

influence of PEG-coatings on NPs in overcoming various biological barriers required

in the efficient drug and gene deliveries associated with other modes of administra-

tion, ranging from gastrointestinal to ocular ones as reported [40].

Despite assessing the cytotoxicity of the nanoparticulate material species, the

associated environmental risk remained still difficult to estimate as uptake mechan-

isms are not known. In one of the studies of cellular uptakes, parameter examined

included their material properties, experimental conditions, and the cell types.

Important uptake mechanisms for eukaryotic cells were found involving macropino-

cytosis, receptor-mediated endocytosis, and phagocytosis in mammalian cells. It

was demonstrated that the uptakes into nonphagocytic cells were strongly depen-

dent on the size that was optimum around 50 nm. More surface charges could

increase the particle uptakes in comparison to those of the neutral ones. Results

regarding the influence of shapes have been rather ambiguous. Facing challenges in

producing NPs by changing exclusively one property at a time especially calls for

more exhaustive characterization before coming to conclusions as to which property

affected the uptakes and up to what extent.

The capability of low-cost, biocompatible, and low-toxic ZnO-NPs to trigger

excess ROS production, to release zinc ions, and to induce cell apoptosis has been

considered for anticancer and antibacterial applications. ZnO-NPs are found effec-

tive in antidiabetic treatment as they do not affect the structural integrity of insu-

lin. ZnO-NPs with excellent luminescent properties were found suited for

bioimaging. Recent nanomedicines involving ZnO-NPs were found more effective

by Sharma et al., and Martinez-Carmona et al., in destroying the cancer cells

against those achieved in conventional therapies such as chemo, radio, and sur-

gery, by offering potentials to eliminate the side effects with better biocompatibil-

ity, easy surface functionalization, better targeting, and drug delivery capabilities.

Zn21 being an essential nutrient for the adults, nanoparticulate-ZnO species are

expected to be in vivo safe. ZnO-NPs�based biocompatible and biodegradable

nanoplatforms were developed due to these advantages with reference to cancer

treatments [41,42].

While tracing the pathways of anticancer agent’s entry into the cancer cells by

destroying electron transport chain and releasing ROS through the mitochondrial

electron transport, Moghimipour et al. observed that the intracellular ROS genera-

tion caused mitochondrial damage resulting in the loss of protein activity balance

led to the cell apoptosis ultimately. ZnO-NPs were noted offering cytotoxicity to

cancer cells mainly by themselves based on a higher intracellular release of dis-

solved zinc ions, followed by increased ROS induction and induced cell death via

the apoptosis signaling pathway [43].

During the cytotoxic study of ZnO-NPs on liver cancer cells (HepG2),

Moghaddam et al. noted higher cytotoxicity and genotoxicity, which were associ-

ated with cell apoptosis mediated by the ROS-triggered mitochondrial pathways.

The loss of the mitochondrial membrane potential could open pores to release of
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apoptotic proteins including cytochrome into the cytosol and caspase activation.

Besides, p38 and JNK were also activated inducing and attracting p53 ser15 phos-

phorylation independent of JNK and p38 pathways. These results provided better

insights into the mechanism of ZnO-NPs-induced apoptosis in human liver HepG2

cells. These ZnO-NPs were synthesized using a new strain of yeast (Pichia kudriav-

zevii GY1) for evaluating their anticancer activity in breast cancer MCF-7 cells.

ZnO-NPs were noted to show powerful cytotoxicity against MCF-7 cells that led to

apoptosis. The ZnO-NPs-induced apoptosis was mainly through both extrinsic and

intrinsic apoptotic pathways, and some antiapoptotic genes of Bcl-2, AKT1, and

JERK/2 were downregulated involving proapoptotic genes of p21, p53, JNK, and

upregulated Bax as reported [44].

The cytotoxicity of ZnO-NPs was studied in cocultured C2C12 myoblastoma

cancer cells and 3T3-L1 adipocytes confirming their stronger influence on C2C12

myoblastoma cancer cells compared to those in 3T3-L1 cells while inhibiting

C2C12 cell proliferations causing apoptosis via ROS-mediated mitochondrial apo-

ptotic pathways [45]. Autophagy could be triggered by different kinds of stresses,

including damaged organelles, ROS generation, anticancer agents, and protein

aggregation. Excessive cellular damage could result into cell death by autophagy

and cellular self-consumption resulting in cancer cell apoptosis. ZnO-NPs

(B20 nm) as observed in concentration-dependent loss of ovarian cancer SKOV3

cell viability. Examination of LC3 showed a remarkable fluorescence after exposure

of SKOV3 cells at higher concentration of ZnO-NPs. In addition, ZnO-NPs-treated

SKOV3 cells exhibited an upregulation of LC3-I/II and p53 expression, which

could induce further autophagic cell deaths [46].

While studying size-dependent inhibition of HT1080 cell proliferations by

ZnO2-NPs autophagy was confirmed being related to ROS generation as dye stained

cells displayed orange and red fluorescence upon ZnO-NPs treatment, which indi-

cated the autophagic cells having excessive DNA-damages. The regulatory mecha-

nism of autophagy and relation between autophagy and ROS in ZnO-NPs-treated

lung epithelial cells could clarify better about the accumulation of autophagosomes

and impairment of autophagic flux in A549 cells. Impaired autophagic flux resulted

in the accumulation of damaged mitochondria, which led to cell death due to exces-

sive ROS. Compared to other nanospecies, the ZnO-NPs were found attractive due

to their lower toxicity and biodegradable nature besides lower cost. Different types

of drugs such as doxorubicin, paclitaxel, curcumin, and baicalin and DNA frag-

ments were successfully loaded onto the ZnO-NPs to show better solubility, higher

toxicity to cancer cells compared with individual agents, and effective delivery into

cancer cells [47�50].

A number of research groups have, of late, recognized the target-specific deliver-

ies of NP-composites offering more therapeutic-benefits besides site-specific locali-

zation, enhanced delivery of drug/multidrug conjugations, easy modification of

release kinetics, and bypassing the multidrug-resistance mechanisms. For enhancing

the selective targeting against cancer cells, several functionalization schemes were

reported. Surface-modified ZnO-NPs, for instance, had improved stability promot-

ing their specificity toward cancer cells. Efforts were made to functionalize ZnO-

132 Metal Oxide Powder Technologies



NPs surfaces with different biomolecules, including different types of proteins, pep-

tides, nucleic acids, FA, and hyaluronan. Such biocompatible coatings could

enhance the cancer cell targeting with improved safety against normal cells [51,52].

The problems of solubility and bioavailability of curcumin was addressed to by

deploying two-copolymer-encapsulated ZnO-NPs forming combinations of Cur/

PMMA-PEG/ZnO-NPs and Cur/PMMA-AA/ZnO-NPs composites for releasing

curcumin@pH5.8 with largest inhibition of human gastric cancer AGS cell viability

and induced cell cycle arrest at the S phase. PEGylated-ZnO-NPs were tested posi-

tive against breast cancer cells by generating ROS and triggering p53-dependent

apoptosis leading to cell death. Green synthesis of hyaluronan/ZnO composites for

cancer treatment caused morphological changes inhibiting proliferations of pancre-

atic adenocarcinoma PANC-1, ovarian adenocarcinoma CaOV-3, colonic adenocar-

cinoma COLO205, and acute promyelocytic leukemia HL-60 cells. HA-ZnO-

composite treatment for 72 hours did not cause toxicity to the normal human lung

fibroblast (MRC-5) cells by increasing the toxicity of the ZnO-NPs to breast cancer

MCF-7 and MDA-MB-231 cells at lower doses as reported elsewhere [52,53].

PEGylated-ZnO-NP-DOX-nanocomposites did enhance the intracellular DOX-

accumulation by offering a concentration-dependent inhibition of cervical cancer

HeLa proliferations. ZnO-NR-DOX-complex when tested against the cultured

SMMC-7721 hepatocarcinoma cells acted as DOX delivery system with enhanced

cellular uptakes. DOX-ZnO-nanocomplexes along with UV irradiation caused more

cell deaths through photocatalytic effects by synergistically triggering the caspase-

led apoptosis. A new ZnO-hollow-nanocarrier engineered with biocompatible sub-

strates by surface conjugation with FA and loaded with paclitaxel (PAC) nanocom-

plex showed preferential bioaccumulation, and cancer cell uptakes in the folate

receptors overexpressed breast cancer MDA-MB-231 cells. FA-mediated endocyto-

sis combined with the releases within the endolysosomes led the FCP-ZnO com-

plexes to exhibit higher cytotoxicity to in vitro MDA-MB-231 cells as well as

reduced MDA-MB-231 xenograft tumors in nude mice [54].

Antibacterial properties of ZnO-NPs turned out to be superior in blocking the

growth of a wide range of pathogenic agents. The antibacterial mechanism involved

was primarily to ROS generation in the form of superoxide anions, hydroxyl radi-

cals, and hydrogen peroxide. The accumulation of ZnO-NPs in the outer membrane

of bacterial cells could trigger release of Zn21 causing the disintegration of bacte-

rial cell membranes via membrane-protein damage, and genomic instability leading

to cell deaths [54]. Presently, Gram-negative/positive bacteria such as Escherichia

coli and Staphylococcus aureus have been used in evaluating the antibacterial prop-

erties of ZnO-NPs along with many others, including Pseudomonas aeruginosa,

Proteus vulgaris, Vibrio cholerae, Bacillus subtilis, and Enterococcus faecalis. The

antibacterial effect of ZnO-NPs against different species are already reported in the

cited references by many [55�59]. ZnO-NPs caused cell deaths in E. coli by trig-

gering the destruction of the phospholipid bilayer membrane. Jiang et al. concluded

in their studies that ROS production was necessary for their antibacterial properties

after noting the influences of the additional scavenger-radicals such as mannitol,

vitamin E, and glutathione in blocking the antibacterial effects of ZnO-NPs. For
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instance, 13 nm ZnO-NPs could completely suppress E. coli growth at a concentra-

tion of 3.4 mM although started inhibiting S. aureus growth at much lower concen-

trations ($1 mM). The smaller ZnO-NPs were found more effective in contrast to

the larger ones. From ICP-AES measurement the amount of Zn21 released from

smaller size ZnO-NP was much higher than those due to larger ones while E. coli

were more sensitive to Zn21 than S. aureus. Zn21 ions released from ZnO-NPs

were crucial for their antibacterial behavior [54]. Subsequently, Ishwarya et al.

could improve ZnO-NP after coating with Phβ-GBP from the extract of β-1,3-glu-
can molecules and binding protein (Phβ-GBP) from the hemolymph of Paratelphusa

hydrodromus, that could inhibit the growth of S. aureus and P. vulgaris by altering

the cell membrane permeability and triggering ROS formation and was thus consid-

ered as one of the significantly potent antibacterial NMs [60].

7.4.3.2 Other therapies

Cholera, an epidemic disease caused by the intestinal infection of Gram-negative

bacterium V. cholerae, has been found affecting the populations in the developing

countries. Aiming at the development of nanomedicine against cholera, a detailed

study was carried out using ZnO-NPs against V. cholerae (two biotypes of cholera

bacteria: classical and El Tor). ZnO-NPs were found more effective in hindering

the growth of El Tor biotype of V. cholerae, which was associated with ROS pro-

duction that resulted in increased bacterial membrane damage, causing higher per-

meations, and substantial morphological modifications. The antibacterial activity of

the ZnO-NPs was detected in cholera toxin (CT) mouse models by inducing the

gradual CT secondary structure collapses while interacting with CT by interrupting

CT binding with the GM1 ganglioside receptor [61,62].

Although ZnO-NPs are promising antibacterial agents due to their wider activi-

ties against both the Gram-positive and -negative bacteria, the exact antibacterial

mechanism of ZnO-NPs has not yet been understood properly. Therefore studying

it deeply has a lot of important theoretical and realistic values. In the future, it is

believed that ZnO-NPs could be explored as antibacterial agents in the form of oint-

ments, lotions, and mouthwashes. In addition, it could be coated on various sub-

strates to prevent bacteria from adhering, spreading, and breeding in medical

devices.

Zn is a well-known element playing an active role in the secretion of insulin

from pancreatic cells that are important in the case of metabolic disease as diabetes

mellitus resulting in the body’s incapacity to produce insulin or by the ineffective

use of the insulin produced. The trace element Zn abundantly found in all human

tissues and fluids also participates in insulin synthesis, storage, and secretion.

Therefore for making specific uses of antibacterial properties via targeted delivery

of ZnO-NPs has been explored in detail for their applications in treating diabetes as

discussed by several groups [63,64]. In another study a natural extract of red san-

dalwood (RSW) was noted as an effective antidiabetic agent in conjugation with

ZnO-NPs assessed with the help of α-amylase and α-glucosidase inhibition assays

with murine pancreatic and small intestinal extracts. Results showed that ZnO-RSW
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conjugates possessed moderately higher percentage of inhibition (20%) against por-

cine pancreatic α-amylase and were more effective against the crude murine pan-

creatic glucosidase than any of the two elements (RSW and ZnO-NPs). The

conjugated ZnO-RSW displayed 61.93% inhibition in glucosidase, while the bare

ZnO-NPs and RSW showed only 21.48% and 5.90%, respectively [64].

Subsequent detailed studies compared the antidiabetic activity and oxidative

stress of ZnO-NPs and ZnSO4 in diabetic rats by noting that the smaller size ZnO-

NPs at higher doses (3 and 10 mg/kg) exhibited a much stronger antidiabetic effect

compared to ZnSO4. It exhibited an outstanding reduction of blood glucose and

increasing insulin levels as well as improving serum zinc status in a time and dose-

dependent manner. However, severely elicited oxidative stresses particularly at

higher doses were also observed by the altered erythrocyte antioxidant enzyme

activities, increased in malondialdehyde (MDA) production, and marked the reduc-

tion of serum total antioxidant capacity [63].

The direct enhancement of an inflammatory state in hyperglycemic conditions

by regulating C-reactive protein (CRP) and cytokines like interleukins were found

involved in developing the cardiovascular diseases. ZnO-NPs were prepared using

hydroxyl ethyl cellulose as a stabilizing agent to alleviate the abovementioned dia-

betic complications after noting significant decreases in MDA and fast blood sugar,

and asymmetric dimethylarginine (ADMA) levels. The inflammatory markers,

interleukin-1 (IL-1α) and CRP, were also notably reduced after ZnO-NPs treatment,

concomitant with an increase in nitric oxide (NO) and serum antioxidant enzyme

(PON-1) levels in diabetic rats [42].

The antiinflammatory effects of ZnO-NPs were found very attractive in treating

inflammations due to the complex biological response of the body tissues to harm-

ful stimuli, such as, pathogens, damaged cells, or irritants. Atopic dermatitis (AD),

for instance, is a chronic inflammatory skin disease characterized by the impairment

of the skin-barrier functions, which was involved with complex interaction between

genetic and environmental factors. ZnO-functionalized textile fibers were used for

controlling the oxidative stress in AD in vitro and in vivo since textiles have the

longest and most intense contact with the human skin. When AD patients wore the

ZnO-coated textiles overnight for 3 consecutive days in a study, an obvious

improvement was noted in AD pruritus and subjective sleep quality. This could pos-

sibly be due to the high antioxidative and strong antibacterial capacity of the ZnO-

textile, which needs further study.

The size-dependent penetrations of ZnO-NPs were examined in injured and aller-

gic skin in the mouse AD model, which clearly proved that only nanosized ZnO

was able to reach into the deep layers of the allergic skin, but bulk-sized ZnO

stayed in the upper layers of both damaged and allergic skin. Compared with bulk

ZnO, nano-ZnO exerted higher antiinflammatory properties by decreasing drasti-

cally on proinflammatory cytokines in the mouse model. These results demon-

strated that ZnO-NPs with a small size had great effects on reducing skin

inflammations in animal models [65]. The antiinflammatory activity of ZnO-NPs

was also found very effective against other inflammatory diseases. Given the antiin-

flammatory activity of ZnO-NPs already, a straightforward, inexpensive, and
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ecofriendly synthesis using the root extract of Paeonia tenuifolia was employed in

investigating the antiinflammatory activities in LPS-stimulated RAW 264.7 macro-

phages. ZnO-NPs were found possessing remarkable antiinflammatory activity via

dose-dependent suppressions of NO production as well as the related protein

expressions of iNOS, COX-2, IL-1β, IL-6, and TNF-α. The ZnO-NPs, prepared

under photocondition using the aqueous extracts of two mangrove plants, Heritiera

fomes and Sonneratia apetala, showed higher antiinflammatory activity (79%) in

comparison with Ag-NPs (69.1%). ZnO-NPs exhibited efficient blue and near-UV

emissions, which have green or yellow luminescence related to oxygen vacancies,

therefore further extending its application in bioimaging as discussed by several

groups [32,33,66,67].

Highly stable aqueous ZnO@polymer core�shell NP-based composite

ZnO@poly(MAA-co-PEGMEMA) was reported, for the first time, using a sol�gel

method exhibiting high quantum yield and very stable broad photoluminescence in

aqueous solutions. ZnO2 and ZnO22 derived from LiOH and NaOH (i.e., with 3,

and 4 nm average size, respectively) showed green and yellow fluorescence in

human hepatoma cells. These NPs in ,0.2 mg/mL concentration were found non-

toxic to human hepatoma cells. However, their stable luminescence during cell cul-

ture and capability, to live up to 45 minutes of exposure, could offer them as safe

and cheap luminescent labels in fluorescent probes for in vitro cell imaging. ZnO-

NSs were synthesized for cultured cell imaging, in which, yellow-orange light emis-

sion was observed around or inside the cells under UV irradiation (365 nm) at room

temperature in leukemia cells K562. ZnO-nanostructures could thus easily get

attached onto or penetrated into the cells suggesting their utility in bioimaging.

Chemical precipitation�based synthesis of ZnO-NPs exhibited blue, green, yel-

low, and orange color emissions in which the emission colors were changed via

adjusting the pH of the solution precipitation. To stabilize ZnO-NPs in water, these

ZnO-NPs were stabilized with silica to form ZnO@silica core�shell nanostructures

exhibiting excellent water stability, and retaining the visible emissions. These NPs

were attached to the NIH/3T3 cells displaying different fluorescent colors.

Based on its intrinsic fluorescence properties, ZnO NMs were employed as a

promising candidate for cell imaging and pathological studies. ZnO-NPs, for

instance, exhibited promising biomedical properties based on its anticancer, anti-

bacterial, antidiabetic, antiinflammatory, drug delivery, as well as bioimaging activ-

ities. Due to inherent toxicity of ZnO-NPs, they possess strong inhibition effects

against cancerous cell and bacteria, by inducing intracellular ROS generation and

activating apoptotic pathways that made them usable as anticancer and antibacte-

rial agents. In addition, ZnO-NPs are also well known to promote the bioavail-

ability of therapeutic drug or biomolecules, when used as drug carriers to achieve

enhanced therapeutic efficiency. Moreover, with the ability to decrease blood glu-

cose and increase insulin levels, ZnO-NPs have shown promising efficacies in

treating diabetes and attenuating its complications that were evaluated further by

several groups [54].

FDA, United States, has already approved ZnO-NPs as a safe substance in vari-

ous applications. However, some critical issues of ZnO-NPs still remain there to be
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further explored. This included the lack of examining various aspects such as the

comparison of its biological advantages with those of the other M-NPs; the contro-

versies attached to their toxicity toward the biological systems studied recently;

evidence-based randomized research efforts exploring their therapeutic influences

in improving anticancer, antibacterial, antiinflammatory, and antidiabetic activities;

and the insight into corresponding animals studies related to its anticancer, antibac-

terial, antiinflammatory, and antidiabetic properties. Subsequent studies were, thus,

focused on the abovementioned issues to further elucidate and comprehend the

potential uses of ZnO-NPs in biomedical diagnostic and therapeutic fields. These

NMs are believed to accelerate the development of medicines involving ZnO-NPs

that would be more exciting contributions as reported very recently [54].

Functionalized iron oxide NPs (IONPs) were found useful due to their wide

range of uses in nanomedicines. However, their further applications were found

hampered due to their fast agglomeration, and oxidation, for which, adequate sur-

face modifications involving small organic molecules, polymers, and inorganic

materials became imperative to take care of these problems with improved physico-

chemical properties.

Synthesis of smaller size superparamagnetic iron oxide and its nanocomposites

was reported using a supersonic thermal-plasma process by examining the influence

of oxygen flow rates, gas injection position, and carrier gas types, and the phase

composition of the product material estimated by refined techniques. The smallest

iron oxide NP samples (i.e., 10 nm average size) were synthesized at 19 SLPM

flow of O2 with the largest contribution from the magnetite/maghemite phases (i.e.,

@88%). The saturation magnetization and magnetic coercivity of these samples

were B28 emu/g and B6 Oe, respectively, demonstrating satisfactory biocompati-

bility that made them suitable for advanced biomedical and environmental applica-

tions. A superparamagnetic nanocomposite of iron oxide, carbon-encapsulated iron

NPs, along with SWCNTs was also prepared (B5 nm average size) having satura-

tion magnetization B52 emu/g, coercivity B10 Oe and were more toxic possibly

due to the presence of the SWCNTs. Higher reduction rates of production and sin-

gle step processing are the inherent advantages of this technique for producing the

nanocomposite materials in quantity [68].

The synthesis of MgO-NPs was reported using Aspergillus niger process in agar

wells diffusion method for evaluating the antibacterial activity against Gram-

positive S. aureus, and Gram-negative P. aeruginosa bacteria isolated from urinary

tracts infection. These results confirmed the antibacterial activities of the biosynthe-

sized MgO-NPs (i.e., 43�91 nm) against S. aureus, with a zone inhibition diameter

of 27 mm. However, the zone inhibition diameter against P. aeruginosa bacteria

was 24 mm, compared with inhibition effects of ciprofloxacin antibiotics at 24 and

20 mm, respectively [69]. The systematic investigations of the antibacterial

mechanisms of MgO-NPs against the phytopathogen Ralstonia solanacearum were

made, for the first time, due to catastrophic bacterial wilt that resulted in the world-

wide reduction of tobacco production. MgO-NPs possessed statistically significant

concentration-dependent antibacterial activity, and the minimum inhibitory concen-

tration (MIC) and minimum bactericidal concentration were measured as 200 and

137Metal-oxide powder technology in biomedicine



250 μg/mL, respectively. Additional studies confirmed that they inflicted cell mem-

brane injuries along with decreased motility and biofilm formation ability of R.

solanacearum, due to the direct attachment of MgO-NPs to the bacterial cell sur-

faces. SEM and TEM studies confirmed the abovementioned observation. ROS

accumulation could also be a factor for their antibacterial behavior inducing DNA

damage. The toxicity assessment assays carried out under greenhouse conditions

demonstrated that the MgO-NPs exerted a large effect on tobacco bacterial wilt,

reducing the bacterial wilt index as reported elsewhere [70].

In another recent study of assessing the antibacterial features of MgO-NPs, broth

dilution method was adopted followed by colony count in agar medium, in which

the antibacterial activity was found increasing with size reductions of the MgO-NPs

in the case of B. subtilis ATCC 9372. Weaker and stronger size-dependent bacteri-

cidal efficacies were shown in two size ranges, namely, B45�70 and ,45 nm,

respectively. Smaller MgO-NPs possessed efficient antibacterial activity toward

E. coli and S. aureus as well. During further investigations, it was suspected that

the MgO-NPs, when inside through the cell membranes, could facilitate restructur-

ing using the individual MgO-NPs. The antibacterial activity of the MgO-NPs was

found stronger toward Gram-positive compared to the Gram-negative bacteria.

Further, the antibacterial activity was also found to be dosage-dependent after

observing the enhanced activity against E. coli with the increasing concentrations.

For instance, approximately seven order of magnitude reductions in E. coli O157:

H7 was observed in an 8 mg/mL MgO-NP treatment after 24 hours. The

concentration-dependent anti-E. coli O157:H7 activity of MgO-NPs ($3 mg/mL)

could significantly reduce the cell concentrations to undetectable limits after

24 hours at room temperature, indicating complete cell killing. The cell walls of

Gram-positive and negative bacteria strains, comprising thin layers of lipid A,

lipopolysaccharide, and peptidoglycan, and only peptidoglycan, respectively,

could possibly be the cause of different efficacies, in which, E. coli showed a

stronger resistance to MgO-NPs compared to S. aureus. The lower sensitivities of

E. coli could be due to tightly packed lipopolysaccharide molecules providing an

effective barrier. ZnO doping of MgO-NPs in solid solutions showed reductions

in the antibacterial activity against E. coli and S. aureus, in which, the pH of

lower concentration of physiological saline (e.g., 2.5 mg/mL) showed an alkaline

region above 10.0 and decreased with the increase of ZnO amount in MgO-ZnO

solution. The reason for the decrease in antibacterial activity might be assigned to

the decreasing stability of O2
2 generated at the surface of the solid solution and

decreasing of the medium pH. The antibacterial activity of MgO-GeO composite

powder was studied showing good activity toward both Gram-negative as well

as Gram-positive bacteria though more efficient against Gram-positive ones, and

the nanocomposite powders were noted to be more effective against S. aureus

than E. coli at lower concentrations. At higher concentrations (. 5 mg/mL)

the bacterial growth was almost completely inhibited (. 95%) in both the cases.

The minimal inhibitory concentration (MIC) for S. aureus was found to be

B0.05 mg/mL, whereas that of E. coli was 0.25 mg/mL as summarized in an ear-

lier publication [71].
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With the possibility of finding synergetic influence a combination of Ag/MgO-

NPs was examined showing broad-spectrum antibacterial activities against infectious

pathogens. However, the use of such nanosynthesized biomedical materials has been

a major concern due to their high cost, toxic nature, and production of non-

�ecofriendly by-products and nonbiodegradable stabilizing agents causing health

hazards. Consequently, green synthesis of a bilayered Ag-MgO-nanocomposite was

attempted using aqueous peel extract of grapefruit red under an accelerated uniform

heating for testing its antibacterial efficacy against E. coli. Parameters such as sur-

face modifications and compositions were also explored using conventional methods

along with estimating the efficacy of As-synthesized Ag-MgO-nanocomposite

against E. coli. In this experiment, dispersed nanocomposite comprising cubical

crystal lattice network comprising Ag-NPs (20�100 nm) embedded within MgO-

NPs was noted to produce stronger antibacterial activity against E. coli as compared

to MgO-NPs alone, indicating a synergy between Ag and MgO-ions. Although the

exact antibacterial mechanism of MgO-NPs is not yet very clear, nevertheless, three

main mechanisms were proposed, such as the formation of ROS, the interaction of

NPs with bacteria, subsequently damaging the bacterial cells, and an alkaline effect

as reported recently [72].

Out of several MO-NPs explored for their antibacterial properties, ZnO-NPs

were found as “generally recognized as safe” compound according to US FDA

(vide ref: US FDA: 21CFR182.8991) with minimal toxicity to humans and high

photocatalytic activity besides being more biocompatible than TiO2. ZnO-NPs with

pronounced antimicrobial activity could be assigned to their high surface-to-volume

ratios and surface abrasiveness in inhibiting the growth of both Gram-positive/nega-

tive bacteria, including S. aureus, Streptococcus pyogenes, and E. faecalis that

experienced 95% growth inhibition in the presence of ZnO-NPs. These NPs showed

activity against common food pathogens such as Campylobacter jejuni, E. coli

O157:H7, Shigella spp., Listeria monocytogenes, and S. aureus, indicating their

usefulness in the form of food preservatives besides in antibacterial creams, lotions,

ointments, and deodorants. ZnO-NPs imparted self-cleaning features to glass and

ceramics surfaces as well. The antimicrobial properties of ZnO-NPs were attributed

to the intracellular accumulations causing damage to the cell walls and disrupting

the DNA replications. While inside the cells, the NPs released metal ions generating

ROS and accumulating in the bacterial membranes. Strong ROS generating poten-

tial of ZnO-NPs was found causing massive bacterial killings, including cell wall

damages, increasing membrane permeabilities, internalizations due to the loss of

proton motive forces and the uptake of toxic-dissolved zinc ions. Similarly, wide

spectrum antimicrobial and antibiofilm activities were observed in TiO2-NPs

against a wide range of pathogenic microorganisms, including bacteria, fungi, para-

sites, and viruses. Subsequently, FDA approved the use of TiO2 in human food,

drugs, and cosmetics applications. The unique photocatalytic property of TiO2-NPs

and the quantum size effects made them as ideal antimicrobial agents, including

other applications such as air, water purifications, and antimicrobial coatings on

biomedical devices. Further modification of TiO2-NPs with plant extracts like

Garcinia zeylanica resulted in enhanced bactericidal activity in combination with
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antimicrobial activity of the plant extracts and photocatalytic activity that could

destroy the microorganisms under light illumination. ROS generated by TiO2-NPs

could oxidize the components of the cell membrane leading to their fast destruc-

tions. In the absence of light irradiation, direct contact and adsorption of the cells

onto TiO2-NPs could damage the membrane integrity. CaO and MgO-NPs also

exhibited strong antibacterial activity, mediated by the generation of superoxide

and also increasing pH due to hydration of CaO and MgO with water. Al2O3-NPs

exhibited strong binding to the bacterial cell walls increasing their permeability.

Some of these abovementioned features of the MO-NPs species were discussed in

detail in recent publications included in Refs. [73,74].

The toxicity of chronic exposure of ZnO-NPs having lower than the minimum

inhibitory concentration (MIC) was also studied by repeatedly treating the E. coli

strain culture exhibiting higher toxicity than the single exposure of higher concen-

trations. The observed growth inhibition (57%) corresponding to the chronic expo-

sure of 0.06 mg/mL of ZnO-NPs was found almost two times stronger than that

from the single exposure of 0.30 mg/mL concentration. The toxicity of ZnO-NPs in

E. coli was studied in the light of ROS formations measured as MDA equivalent by

thiobarbituric acid-ROS (TBARS) assay, and the effect of Zn-dissolution from

ZnO-NPs. Higher growth inhibitions of chronic exposures were correlated with

higher ROS generations, which contributed toward membrane lipid peroxidation,

confirmed from the observations of the cell wall deformations measured by SEM

and EDAX analyses showing adherence on the cell walls [75].

7.5 Antibacterial behavior

Various kinds of NPs were found effective against the antibiotic resistances by

combatting the microbes employing multiple mechanisms simultaneously in addi-

tion to being effective drug delivery carriers. These NPs, in general, are noted to

damage the bacterial membranes and discourage biofilm formations due to their

physicochemical properties. These sub-100 nm NPs were found exhibiting

enhanced cell interactions due to larger surface-to-volume ratios. Owing to com-

pact nature of the bacterial cell membranes, it is not easy to change them through

only a few genetic mutations. The hindrances encountered during biofilm forma-

tions is another important issue, as biofilms facilitate the bacterial resistance by

providing protection to the embedded microorganisms while facilitating their

escape from the antibiotics. The bacterial biofilms provide effective breeding

grounds for frequent resistant mutations via exchanges and alterations among dif-

ferent bacterial cells. The NPs of Au, Ag, Mg, NO, ZnO, CuO, Fe3O4, and YF

have been found effective in preventing biofilm formations. In contrast to the tra-

ditional antibiotics, NPs have shown ability to combat microbes via simulta-

neously active multiple mechanisms that do not allow the microbes having the

mutated genes, and accordingly it is more difficult to develop resistance to NPs as

observed elsewhere [76�78].
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NPs are also known as effective “medium/carrier” of antibiotics as observed in

several cases currently reported in drug delivery applications, namely, liposomal

NPs, solid lipid-NPs, polymer-based NPs, polymer micelles, inorganic nanodrug

carriers (including magnetic NPs, mesoporous silica-NPs, carbon NMs, and quan-

tum dots), terpenoid-based NPs, and dendrimer NPs. The main advantages of these

NPs against the conventional delivery systems include their ultrasmall and control-

lable sizes that are suitable for conducting antimicrobial operations and combating

intracellular bacteria [8,79�82].

A modified treatment strategy of infections using drug-loaded NPs as alternative

was proposed to overcome the limitations posed by the drug-resistant intracellular

pathogen strains owing to the antibiotics’ poor membrane transport. The ultrasmall

sizes of the NPs enable them to be phagocytosed by the host. Furthermore, the NPs

are suitable drug carriers with the flexible entry to the host cells via endocytosis for

most of the drugs to be released intracellularly. NP carriers could also help in

increasing the serum levels of antibiotics and protect the drugs from resistance by

target bacteria. Within the NP carriers, drugs are protected from detrimental chemi-

cal reactions; thus the potency of the drugs could be maintained easily. The protec-

tion from the resistance mechanisms of the target bacteria is an important

mechanism. The common reasons for acquiring resistance to the traditional antibio-

tics is via increased efflux and decreased uptake of antibiotics in bacterial cells.

However, many NPs are known to overcome these limitations by inhibiting the

drug resistance. For example, in the gastrointestinal tract, dendrimers could inhibit

P-glycoprotein-mediated efflux as reported [83].

NP carriers targeted to an infection site could deliver the drugs and thereby mini-

mize the associated side effects. It is difficult to deliver high-dose drug absorption

at the desired sites while preventing side effects (including drug toxicity) when

using conventional antibiotics without a carrier. NP-based antibacterial drug deliv-

ery systems, being site specific, give rise to minimum side effects. The undesired

adverse effects of antibiotics on the body are specifically minimized because of the

higher drug doses delivered to the infection sites. The targeted delivery has been

achieved through enhanced permeation and site-specific retention of the drug mole-

cules that are loaded with the surface-modified NP carriers that carry the drug and

release the same by selectively recognizing the characteristic ligand on the cells at

the infection sites. Targeting could be of various kinds such as receptor targeting,

magnetic targeting, and temperature targeting. Vancomycin, although, known as

strong inhibitor of the Gram-positive bacteria, is otherwise highly toxic to ear and

kidney. One way to improve vancomycin treatment could be to enhance the drug

delivery to the desired locations for limiting the amount of drug reaching other

organs, where it is not needed. With the help of NP carriers, vancomycin-modified

mesoporous silica-NPs were designed for detecting and killing the Gram-positive

bacteria selectively over macrophage-like cells. The strategy, therefore, frequently

employed in affecting “target therapy” could be designed to first target macro-

phages with NPs because most active bacteria at infection sites could be targeted

and swallowed by the macrophages. The drug in the NPs is then released in the

macrophages, in which, the bacteria are present. It is also feasible to minimize the
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severe side effects by repeated administrations of lower dosages in the drug deliv-

ery. With the appropriate NP carriers, possessing controllable drug release mechan-

isms, the blood concentration of the medicine at the infection site can be sustained

at the required level for a longer duration, resulting in good stability, reduced fre-

quency of medication, improved patient compliance, and reduced pain. Compared

to the free drug at the same concentration, drug delivered via NP carriers has a

more prominent inhibitory effect on cellular growth, along with prolonged drug

release. Moreover, different types of controllable stimulatory factors are also possi-

ble to incorporate, including chemical agents, magnetic field, light, pH, and heat to

activate the NPs for the required drug release. In ocular formulations using an

appropriate NP-carrier could prolong the retention time in the precorneal area, the

release of levofloxacin and other drugs was controllably sustained, producing a bet-

ter recovery compared to those from the conventional ophthalmic solutions. Some

of these details are described in the cited literature [84�88].

Multiple drugs/antimicrobials were combined together within the single or multi-

ple species of the NPs that could conjugate with other constructs to improve the

antibacterial properties. In the case of a single type of NP containing multiple anti-

bacterial agents, it is difficult for the bacteria to develop resistance because the

probability of a cell containing multiple resistance mutations is rather small. In

addition, the simultaneous combination of different drugs possesses higher efficacy

due to the joint action of multiple mechanisms. In addition, two or more types of

NPs could also be used for enhanced antibacterial effects with the prevention of

resistance. When used alone, different types of NPs might show disadvantages as

noted in the case of liposomes having shorter shelf life, poor stability, low encapsu-

lation efficacy, rapid removal by the reticuloendothelial system, cell interactions or

adsorption, and intermembrane transfers. Thus using hybrid NPs could very well

maximize the strengths while minimizing the weaknesses of the individual types of

NPs. For example, superior efficacy of in vivo cellular deliveries was achieved by

lipid�polymer hybrid-NPs compared to the delivery without polymeric-NPs or by

liposomes alone. In addition, a prolonged effective time could be achieved through

the “combinatorial” method, which could effectively and significantly reduce the

possibility of developing resistant strains of bacteria as discussed by various groups

[89].

The appearance of drug-resistant bacterial strains and the increasing rate of hos-

pital infection outbreaks encouraged the researchers to reexamine the NPs afresh

due to their novel antimicrobial resistance properties. The influences of NP’s fea-

tures such as the average particle size, shape, specific surface area, and surface cur-

vature on its antibacterial activities were consequently explored further in detail for

killing the bacteria to reduce the bacterial infections significantly as highlighted in

the following observations extracted from the recent publications in this context

[47].

Considering multiple interactions with the bacterial membranes using theoretical

as well as experimental methods was found essential for understanding the mechan-

isms involved in the observed antibacterial properties of 2D-NMs. MD simulations,

for instance, were found useful in clarifying the issues related to the rupturing of
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the lipid membrane by denting on their surfaces and extracting phospholipid mole-

cules that ultimately reduced the membrane integrity due to the interactions of the

lipid tails with S atoms and electrostatic interactions of lipid head groups with the

Mo and S atoms in the lateral edges of the MoS2-NS, resulting in the cytoplasm

loss and bacterial death. MoS2-NS created more severe dents compared to the direct

insertion of graphene-based NMs, possibly due to thicker and stiffer structure of

MoS2 as concluded recently [90].

The metallic conductivity, hydrophilicity, and other unique physiochemical prop-

erties of the emerging 2D-MXene-NSs�based ceramics were found usable in biome-

dicines after meeting the requirements of their unique structural, physicochemical,

and compositional properties spanning over different aspects such as mechanical,

optical, chemical, and electronic considerations. Examining their design/synthesis

strategies, therapeutic modalities, diagnostic imaging, biosensing, antimicrobial, and

biosafety issues recently indicated that these engineered MXenes NSs would finally

emerge as one of the most useful biocompatible inorganic nanoplatforms for multiple

and extensive applications in the clinical translations of the nanomedicine. Facile sur-

face functionalizations of the Mxene-NSs were found better due to their reduced

toxicity, enhanced colloidal stability, and extended circulation during in vivo applica-

tions. Synthesizing state-of-the-art Mxene-NSs for biomedical applications, including

structural and dose-dependent antimicrobial activity, photothermal therapy, drug

delivery, and implants, were discussed recently along with their sensor applications,

including photoacoustic, MRI, computed tomography, and optical imagings. The

challenges and future opportunities of applying Mxene-NSs in biomedicine were also

considered [91,92].

The cytocompatibility and physicochemical properties of the NSs of TMDCs

and graphene-based materials were found helpful in facilitating their immobiliza-

tion onto the bacterial surfaces, when in contact, particularly, with their basal planes

in contrast to the sharp edges. A transparent substrate coated with GO/MoS2-NSs

was deployed in studying the antimicrobial properties against E. coli. These

GO�MoS2-NSs exhibited enhanced antimicrobial activities with increased glutathi-

one oxidation capacity and partial conductivity. Measuring variations in refractive

index of each voxel in bacterial cell using holotomographic microscopy could

reconstruct the 3D-images of morphological disruptions in the individual cells hav-

ing contacts with the GO�MoS2 nanocomposite surfaces. This also provided the

quantitative estimations of the reductions in both the volume (67.2%) and the dry

mass (78.8%) of the cells in contact for 80 minutes resulting in the release of intra-

cellular components mediated by membrane and oxidative stress [93].

The antimicrobial properties of MnO2 and MoS2 toward Gram-positive and neg-

ative bacteria were examined by treating B. subtilis and E. coli bacteria individually

with 100 μg/mL of randomly oriented and vertically aligned NMs for B3 hours in

the dark. These kinds of antibacterial NMs are finding applications in biomedicine

and environmental remediations. Flow cytometry and fluorescence imaging were

used in determining the bacterial viability in the presence of the vertically aligned

2D-MnO2 and MoS2 grown on 2D-GO-NSs, rGO-NSs, and Ti3C2 Mxene. In the

presence of both MnO2 and MoS2-NSs, Gram-positive bacteria showed a higher
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loss in membrane integrity due to detrimental effect on viability via compromising

the cell wall leading to significant morphological changes. Vertically aligned 2D-

MnO2-NSs showed the highest antimicrobial activity, suggesting that their edges

were likely compromising the cell walls upon contact [94].

7.5.1 Replacing antibiotics

The antimicrobial coatings of Ca, Si, P, and Ag-NP enriched TiO2 films on fully

implantable devices such as heart valves and dental implants were found compatible

to prevent thrombosis by inhibiting the adhesion and growth of bacteria such as

Streptococcus mutans, Staphylococcus epidermidis, and E. coli causing inflamma-

tions around the implants. In the case of partially implantable devices such as cathe-

ters, intravenous, and neurosurgical catheters, which are more prone to bacterial

colonization causing enhanced infections in clinical applications, were suggested to

deploy nanopolymers as antibacterial materials to retard the growth of catheter bio-

films. NP-coatings on invasive neurosurgical catheters could reduce the bacterial

infections and complications, with sustained release of NPs over 6 days that

resulted in retarded growth of S. aureus [95].

A number of medical devices were developed using IONPs in theranostics appli-

cations, including contrast agents for MRI, magnetic particle imaging, and

magneto-motive ultrasound, photoacoustic imaging, and magnetic particle hyper-

thermia. Fluorescent ZnO-NPs have been used in cancer cell imaging in which the

surface functionalization could enhance their water solubility and biocompatibility

along with reduced cellular toxicity. The ZnO-NPs functionalized with specific bio-

molecules were explored for photosensitive biosensors. The feature such as high

surface-to-volume ratios of these NPs favored the adsorption of the plasma proteins

as discussed by several authors [85,96,97].

By tuning surface roughness of the implanted devices for better responses of

osteogenic cells and causing effective mechanical contacts between the tissues and

the implant, it has been possible to use the recent nanotechnological developments

in tissue and implant engineering. Titanium and its alloys were found quite

suitable for bone replacements. For taking care of the failures in such applications

owing to the presence of thin fibrous layers separating the metallic implant and the

bone in osteointegration, surface modification became necessary to create a stronger

bone-implant bonding. Changing the morphology along with the addition of bioac-

tive compounds and rough surfaces gave promising results in biomedical applica-

tions as discussed in the cited references.

In connection with modifying the metallic implant surfaces to produce very inti-

mate contacts between the implant and the live tissues in bone substitutions, pro-

cesses such as interaction with water and protein adsorption, and cell attachments

that started operating just after the tissues came in contact with the implants, in

which, the functionalized surfaces facilitated better cell attachments. These pro-

cesses are governed by the surface topography, wettability, charge distributions,

and chemical compositions. Consequently, the implant surfaces could be engineered

for realizing the optimized surfaces for maximizing the anchorage of the implant to
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the tissues. The clinical observations of the differential bone growth rates in oppo-

site directions in the direction away from and toward the implant surfaces con-

firmed the importance of such surface functionalizations as reported extensively

[98].

In the context of bone substitutions the topographical features are found promot-

ing the cell anchorage and protein adsorptions leading to better adhesion of osteo-

blasts improving the metabolism of these cells to regulate gene expression, collagen

synthesis, and activation of integrins. The phenomenon of osteogenesis occurs fas-

ter on the surfaces modified at the nanometer levels than those on the smoother sur-

faces. Therefore the manipulation of the nanotopography could stimulate and

control cellular behavior, including attachment, migration, spreading, gene expres-

sion, proliferation, differentiation, and secretion of matrix components. Creating

such NMs organized at the nano levels could be considered an important step

toward targeting the specific cells via recognition for affecting the interaction of

solvent molecules with the surface, impacting the interfacial energy as discussed

separately [99].

The surface free energy (SFE) of biomaterial decides whether the polar or the

nonpolar portions of the proteins and cell membranes would interact with the sur-

faces. The protein layers absorbed onto the implant surfaces determine how are the

cells attached and spread resulting into cell maturations. Albumin blocks the cell-

implant interactions by turning the surface hydrophobic that inhibits replacement by

other ECM proteins. On the contrary, adsorbed albumin onto the hydrophilic sur-

face enables replacement with ECM proteins. Consequently, the type of protein and

its binding decide the cellular adhesion and migration. Cells could also nonspecifi-

cally adhere to the surfaces through ionic and vdW forces or via adsorbed protein

clusters. The integrin receptors in osteoblasts recognize Arg-Gly-Asp (RGD) motifs

on proteins such as fibronectin and vitronectin to form local adhesions that activate

a cascade of signaling pathways affecting the cell behavior. Integrin-mediated cell

attachment mechanism modifies the metallic surfaces by immobilizing sequences of

RGD-peptides. This is how by altering the chemistry of the bioactive coating, topo-

graphic changes are realized. Recognizing the importance of SFE in stimulating the

cell adhesion, hydroxyapatite (HAp) was used for adsorbing more ECM proteins,

binding more integrins and osteoblast precursor cells than simple metal. The addi-

tion of polar bioactive compounds to the metallic surfaces could, thus, be an alter-

native approach to tailor SFE. On the hydrophobic surfaces, human fetal osteoblasts

are found expressing significantly lower levels of the α5 and β3 integrins than those

on the cells cultured on the hydrophilic surfaces. Surfaces with COOH and NH2

groups display an enhanced activity of integrins leading to higher adhesion and

spreading of the fibroblast cells. Using macrophage cultures, it was observed that

materials with higher surface wettability produce an antiinflammatory microenvi-

ronment through the activation of macrophages and cytokine productions. This

highlights the importance of controlling the wettability when attempting to improve

the healing responses to the biomaterials [100].

The metallic implant surfaces are possible to modify using bioactive minerals

required in bone-structure formation. The manufacture of calcium phosphates

145Metal-oxide powder technology in biomedicine



coatings is quite common in bone-regeneration implants. HAp resembles the biolog-

ical apatite found in bone tissues, where HAp crystals are hierarchically organized

into the array of collagen fibers. Plasma spray and sputter-coating techniques pro-

duce the apatite coatings commercially. These methods are not only complex and

expensive but also have drawbacks of nonuniform thicknesses and crystallinity

resulting in lower coating adhesions, besides particles released from the surface dur-

ing phase changes in CaP during processing [101].

Human skins damaged by trauma, burns, and chronic ulcers start healing after

dressings applied for facilitating wound healing and rebuilding their barrier proper-

ties of protection from the pathogens and foreign bodies, maintaining the equilib-

rium of water and electrolytes, promoting wound healing by reducing the

infections. An ideal dressing must, therefore, promote the proliferation and migra-

tion of fibroblasts, accelerate the epithelial tissue formations, reduce the scars, and

have antibacterial/antiinflammatory properties. Gram-positive/negative bacteria

infect the wounds whereas the chronic infections are caused by the multiple bacte-

rial species. Yu et al., could identify NPs with broad-spectrum antimicrobial proper-

ties inhibiting the bacterial growth and reproduction. The combination of Ag-

NPs1 PVA1CS, when applied using a fiber-mat dressing, was found effective in

wound healing in which silver-NPs facilitated good contact with bacteria resulting

in growth inhibition and improved wound healing [102]. The antibacterial proper-

ties of ZnO-NPs were better exploited in several hydrogel-based dressings because

of their fewer toxic effects on the mammalian cells than Ag-NPs. In a recent study,

n-ZnO-NPs were introduced into a microporous CS hydrogel bandage with high

swelling ability, enabling the absorption of wound exudates, besides activating the

platelets and blood clotting. Such bandages were cytocompatible and antibacterial

for promoting reepithelialization and collagen deposition during in vivo studies. In

another study, ZnO-nano flowers exhibited proangiogenic activity, which was con-

firmed by in vivo/vitro assays. However, despite the higher potentials of the M-NPs

in treating drug-resistant bacteria, these materials possess higher toxicity, thus limit-

ing their uses in wound healings [103].

Low-cost and UV blocking ZnO-NPs�based hydrogels were used in developing

ZnO-NPs/polymer composites useful for several applications. For example, β-chi-
tin/ZnO-NPs composite hydrogels were used in wound dressing by mixing ZnO-

NPs into the solution of β-chitin and then freeze-drying to form porous hydrogel

with controlled swelling and degradation properties exhibiting higher blood clotting

and platelet activations while acting against S. aureus and E. coli. The associated

cytocompatibility was evaluated on human dermal fibroblast cells. At higher and

lower concentrations of ZnO-NPs, the cells’ viabilities were noted to be around

50%�60%, and 80%�90%, respectively. Faster healing and collagen depositions

were observed in rat models. Similarly, collagen�dextran�ZnO-NPs composites

were reported as promising formulations for future applications in wound dressing

and skin regenerations. In another study, CMC was cross-linked to maleic, succinic,

and citric acids, followed by ZnO-NPs loading through in situ synthesis of NPs in

the hydrogel that exhibited excellent swelling by cross-linking with succinic acid.

The loading of ZnO-NPs into hydrogel provided antibacterial activity against both
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Gram-positive/negative bacteria. CMC cross-linking with epichlorohydrin followed

by ZnO-NPs loading in the hydrogel matrix resulted in improved swelling of the

hydrogel when tested at different pH and salt solutions confirming its pH and salt-

sensitive swelling behavior while testing against S. aureus and E. coli. More

recently, a flexible nanocomposite hydrogel was reported using a combination of

ZnO-NPs impregnated with mesoporous silica (ZnO-MCM-41) as a nanodrug car-

rier with CMC hydrogel, in which, the citric acid cross-linker could reduce its cyto-

toxicity besides exhibiting higher tensile strength, swelling ability, and gas

permeability. The drug delivery and bactericidal properties of the nanocomposite

hydrogel films were examined using sustained releasing tetracycline with excellent

antibacterial properties against S. aureus and E. coli. The nanocomposite hydrogels

showed cytocompatibility against adipose tissue-derived stem cells. Considering

these properties, CMC/ZnO/MCM-41 could serve as promising wound dressing

material with sustained drug-delivery properties. Another formulation of CMCh/

ZnO nanocomposite hydrogels was reported by cross-linking CMCh with epichloro-

hydrin followed by ZnO-NPs loading via in situ synthesis in the hydrogel-network

resulting in pH-dependent swelling properties exhibiting maximum swelling at

7 pH. The antibacterial activity was found concentration dependent of ZnO-NPs

increasing with higher concentrations. The experimental results showed a 100%

reduction of bacterial population within 4 hours of treatment with this nanocompo-

site hydrogel as reviewed recently [104].

The wound healing capability of poly (vinyl alcohol)/ZnO-NPs composite hydro-

gel was proven using a synthetic polymers/ZnO-NPs nanocomposite possessing

antimicrobial properties after assessing its biocompatibility via bovine serum albu-

min adsorption, antihemolytic activity, and in vitro cytotoxicity tests. Yet another

formulation of poly(N-isopropylacrylamide) (PNIPAAm) hydrogel loaded with

ZnO-NPs was found better in antibacterial surface coating applications. The nano-

composite films showed antibacterial properties against E. coli for a ZnO-NP con-

centration as low as 1.33 mmol/cm3, which was determined by inductively coupled

plasma optical emission spectrometry showing nontoxicity toward a mammalian

cell line (NIH/3T3) at bactericidal loading of ZnO over an extended period of 7

days as reported [105�109].

A number of research groups have been investigating the antimicrobial proper-

ties of CuO-NPs against a range of pathogens, including MRSA and E. coli. The

mechanism of antimicrobial activity of CuO-NPs was supported by contact killing

of bacterial cells via two-stage lysis. In the first stage, CuO-NPs were found damag-

ing the bacterial cells, while in the second stage, they produced free radicals capa-

ble of toxicating the inner cell complexes. The ROS production by CuO-NPs

adhering to the bacterial cells was found causing enhanced intracellular oxidative

stress as confirmed experimentally. The wound dressing material was prepared by

incorporating CuO microparticles into the polymer that prevented infections leading

to increased wound healing rates, compared to standard treatments. Recently, a Cu-

based nanocomposite involving polymers such as cellulose, chitosan, polyacrylic

acid, and polypropylene was found producing an attractive antimicrobial nanocom-

posite hydrogel. CMC-based hydrogels along with CuO-NPs were reported
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effective antibacterial agents by various research groups along with another for-

mulation of copolymeric hydrogel nanocomposite for wound dressing by

employing diallyldimethylammonium chloride (DADMAC) monomer and N,N0-
methylenebisacrylamide (MBA) cross-linking agent on water-soluble CMC to

produce in situ CuO-NPs within the matrix of the CMC-DADMAC hydrogel

nanocomposite attached to cotton fabric were found effective against Gram-posi-

tive/negative bacteria with excellent response. Furthermore, they also loaded Ag-

NPs to CMC-DADMAC hydrogel, which showed better antibacterial results than

the CMC-DADMAC/CuO nanocomposite hydrogel. Another study confirmed the

antibacterial properties of carboxymethylcellulose (CMC) hydrogel loaded with

CuO-NPs, with epichlorohydrin as the cross-linker. The swelling behavior of the

hydrogel nanocomposite was studied at different pH and salt solutions while test-

ing them against S. aureus and E. coli. In addition to CMC, chitosan-based anti-

bacterial hydrogels loaded with CuO-NPs were also reported recently employing

chitosan/CuO nanocomposite hydrogel beads in which the chitosan was cross-

linked by sodium tripolyphosphate, while CuO-NPs were formed in situ during

the formation of hydrogel beads involving 10�25 nm CuO-NPs showing pH-

sensitive swelling behavior and being effective against S. aureus and E. coli.

Recently, CMCh/CuO-NPs nanocomposite hydrogels were produced by the

cross-linking of CMCh and CuO-NPs by using epichlorohydrin to produce

20�50 nm NPs that showed antibacterial activity against S. aureus and E. coli

[110,111].

Besides using well-known Ag and Au-NPs, there are a number of other antimi-

crobial M-NPs, but only few of them are used in hydrogel form. For instance, ZnO-

NPs are extensively used in cosmetics due to their antibacterial and noncytotoxic

nature at appropriate concentrations, in which their conjugations with bacterial cell

membranes destroys the lipids and proteins creating enhanced membrane perme-

ability and cell lysis. Formations of Zn21 ions, ROS, and H2O2 damage the bacte-

rial cells. ZnO-NPs are effective against Gram-positive/negative bacteria because of

their high temperature/pressure-resistant spores. The antibacterial performance of

CMC/ZnO nanocomposite coatings against E. coli and S. aureus was further

enhanced with hydrogel involving PEG methyl ether methacrylate-modified ZnO

(ZnO-PEGMA) and 4-azidobenzoic agarose (AG-N3). ZnO-NP-hydrogels were

found useful as drug carriers and wound healing materials as observed in some

recent studies. CMC and CS-hydrogels were found effective against Gram-posi-

tive/-negative bacteria and wound healing, respectively. Lower cytotoxicity of

ZnO-NPs makes them preferred in numerous clinical applications along with their

positive effect on bone regeneration in orthopedic surgery despite their poorer anti-

bacterial ability as discussed in the cited literature. Hydrogels of Ni-NPs1 chitin,

and Co exchanged natural zeolite/PVA were found effective against S. aureus and

E. coli. Cu/CuO-NPs possessing a wider range of microbicidal features against S.

cerevisiae, E. coli, S. aureus, and L. monocytogenes and preferred against Ag-NPs.

CMC/CuO and CS-based hydrogels loaded with Cu-NPs were found effective

against E. coli and S. aureus without causing any toxicity in the recent studies. NPs

of magnesium, and their oxides and halides were found effective in combating
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microbes. MgO-NPs loaded hydrogels derived from hydroxyalkyl κ-carrageenan
derivatives controlled the drug delivery in gastrointestinal tract studies. All these

experimental investigations indicated about the necessity of studying NPs derived

from the other metals and their alloys that are foreseen more appropriate in design-

ing and fabricating biomaterials as good substitutes replacing antibiotics with rarely

reported bacterial resistance. The ultrasmall M-NPs enable them to pass through the

peptidoglycan cell walls and cell membranes before entering into the cell cytoplasm.

Moreover, highly stable M-NPs implied that they would further continue killing

other microbial cells after being released from the dead cells resulting in sustainable

antimicrobial effects. Using hydrogels as drug delivery system for local applications,

the antibacterial property could be improved further with increasing concentration of

M-NPs providing them in enhanced concentration at the infection sites.

The swelling behavior and mechanical properties along with antibacterial fea-

tures of carrageenan loaded with ZnO and CuO-NPs separately, as well as collec-

tively in hydrogel form were studied. The swelling ratio of carrageenan hydrogel

(e.g., 2980%) was found improved to 3535% after the introduction of ZnO-NPs.

The carrageenan-based hydrogel exhibited strong antibacterial activity against food-

borne E. coli and L. monocytogenes. The ZnO-NP-incorporated hydrogel exhibited

higher water holding capacity, better mechanical strength, UV-screening, thermal

stability, and antibacterial properties compared to CuO-NP-incorporated ones. The

nanocomposite hydrogels could have higher potentials for biomedical, cosmetic,

and active food-packaging applications. The TiO2-NPs exhibited morphology-

dependent antimicrobial properties by creating oxidative stress via ROS generation

for imparting antibacterial features in TiO2-NPs. ROS generation could cause site-

specific DNA-damage of the bacterial cells. The effect of TiO2-NPs was studied

with different antibiotics against MRSA, in which, improved effects were noted in

cephalosporins, aminoglycosides, macrolides, beta lactams, glycopeptides, lincosa-

mides, and tetracycline against MRSA. The photocatalytic TiO2-NPs could

completely eradicate bacteria by producing ROS under UV light, which was accom-

panied by lipid peroxidation causing membrane fluidity interrupting the cell integ-

rity. The usage of TiO2-NPs under UV light is limited because of the damage to

other human cells and tissues, which could possibly be reduced by doping them

with metal ions. These doped TiO2-NPs could shift the light-absorption range to

visible region without using UV light. Another solution to this problem was pro-

posed using nontoxic polymer conjugations. TiO2-NPs embedded in ethylene vinyl

alcohol copolymer, polypropylene, and poly[2-(tert-butylamino) ethyl methacrylate-

co-ethylene glycol dimethacrylate] and employed in producing nanocomposites

were found effective against Gram-positive and negative strains. Zhang et al.

reported methacrylated gelatin hydrogel films with homogenously dispersed TiO2-

NPs (from 85 to 130 nm) showing absorption capabilities in the range of 471%�
758%, which could prevent the accumulation of wound exudates. The antibacterial

activity of the nanocomposite hydrogel films was evaluated against S. aureus and

E. coli by the shake flask test that demonstrated superior performance of nanocom-

posite hydrogel films. Cytotoxicity tests showed that all films were nontoxic with

favorable adherence in the presence of L929 cells.
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Photo-active antibacterial properties of TiO2-NPs/CMCh/PVA ternary nanocom-

posite hydrogels were reported by going through freeze�thaw cycles and electron

beam radiation with PVA, CMCh, and TiO2-NPs exhibiting a porous structure of

TiO2/CMCh/PVA hydrogel. In addition, the nanocomposite hydrogel showed sig-

nificant antibacterial activity against E. coli and S. aureus bacteria. The cytotoxicity

test of these hydrogels was carried out against L929 cells that suggested no obvious

cytotoxicity. These materials find numerous applications in cosmetics, medical

dressings, and environmental protection [8,112�114].

The formations of superoxide on the surface of MgO-NPs and high pH resulting

from hydration could impart antibacterial features causing cell membrane damage

leading to bacterial cell death. Low cost, biocompatible, and easily available

MgO-NPs make them favorable for antibacterial applications besides using them

in environmental protection, food processing, and medical treatment. For instance,

a polyacrylamide/MgO-nanocomposite hydrogel was synthesized using sodium

carboxymethylcellulose (NaCMC); N,N0-methylenebisacrylamide (MBA) along

with ammonium persulfate (APS) and N,N,N0,N0-tetramethylethylenediamine

(TEMED) as the initiator. MgO-NPs embedded hydrogel revealed that the pres-

ence of NaCMC into the hydrogel enhanced its swelling capacity, mechanical

strength, and flexibility. The antibacterial tests of composite hydrogel (i.e., 0.3 g

MgO-NP) against E. coli showed 3-times enhanced antibacterial activity. Various

aspects of antibacterial properties of metals, their alloys, and other chemical com-

pounds have been discussed in detail in Refs. [19,115�117].

A bone disease called osteomyelitis is microorganism-induced progressive bone

destruction involving staphylococci, with S. aureus and S. epidermidis in most of

the cases. Such infections are found antibiotic resistant by evading the host immune

system and antibiotics and are known as a major clinical challenge, with recurrent

and persistent infections occurring in B40% of the patients. A number of metals

including Ag, Fe, Hg, Te, Cu, Zn, and Pb are known to possess antimicrobial prop-

erties without the risk of decomposition. Although less known, some metals kill the

microbes by ion penetration leading to enzyme inactivation’s, while others impair

membrane functions or produce ROS. These species are now foreseen as potential

antimicrobial agents against drug-resistant bacteria, including MRSA and MRSE.

CS, for instance, a positively charged linear polysaccharide is biodegradable, bio-

compatible, and nontoxic displaying antimicrobial activity and exhibiting metal

binding properties and is often combined with metal ions for enhancing its antimi-

crobial activity against bacteria, including S. aureus (including MRSA) and S.

epidermidis.

Similarly, antimicrobial peptides (AMPs) that are secreted by leukocytes in the

epithelial skin layers, and mucosal membranes, demonstrated a broad antimicrobial

activity along with the promotion of bone regeneration by using LL-37 that inhib-

ited both the binding and biofilm-forming abilities of S. epidermidis and found

effective against extra/intracellular S. aureus isolates. There are currently 2707 pep-

tides in the “Antimicrobial Peptide Database” reported to have antimicrobial activ-

ity derived from a variety of sources, including bacteria, archaea, protists, fungi,

plants, and animals, as discussed elsewhere [118].
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7.5.2 Orthopedic and dental formulations

Room temperature curing bone-cements (i.e., of PMMA or modified PMMA with

MMA) commonly used in knee or hip replacement surgery were found effective

against higher infection rates of the total joint replacement surgery after antibiotic-

loaded PMMA treatment. In other studies, however, the abovementioned antibiotic

mixed bone-cements were found almost ineffective. Therefore it is still not clear

whether the traditional method of loading bone cement with antibiotics effectively

reduces the infection in arthroplasty. However, the number of resistant bacterial strains

is currently increasing, and if effective measures are not taken, incurable infections

and small wounds might turn to be fatal. NPs have a strong killing effect on certain

types of antibiotic-resistant bacteria, and this effect is being examined extensively. A

PMMA-bone-cement with Ag-NPs was found reducing the surface biofilm formations

effective in preventing the bacterial surface colonizations. A low-concentration nano-

silver (i.e., 0.05%) could similarly reduce the number of arthroplasty surgery-related

infections significantly, including methicillin-resistant S. aureus (MRSA), S. aureus, S.

epidermidis, and Acinetobacter baumannii infections. Ag-NPs have also been used to

replace antibiotics in the development of promising antibacterial bone-cements.

Acrylic bone-cements (ACB) as polymer-ceramic composites with PMMA are

widely used in orthopedics as suture materials and fixation devices that are biocom-

patible while supporting new bone growth (osteoconductive) and form a calcium

phosphate layer on its surface by serving as interfacial phase between the high mod-

ulus metallic implant and the bone. Cemented prosthesis with ABC demonstrated a

good primary fixation and load distribution between implant and bone, along with

the advantage of fast recovery of the patient. However, problems are still there, as

the orthopedic ABCs must be curable at low temperature in order to avoid thermal

necrosis of the bone tissues during the setting-time of the appropriate formulation

that neither cures too fast nor too slow with higher compressive strength in order to

withstand the compressive loads involved in daily activities. The improved mechan-

ical properties could be realized in three possible directions, including finding an

alternative to PMMA, chemical modification of PMMA, and further reinforcement

of PMMA by adding different bioactive particles, antimicrobials, and vitamins.

New types of PMMA-composite cements with improved fracture and fatigue

strengths were reported accordingly using the concept of incorporating a low-

volume fraction of fibers or bioactive particles/NPs (e.g., B1%�2%) like carbon

nanofibers, titanium dioxide, zirconia oxide, silver oxide, or silver-NPs. While these

composites have displayed improved fatigue failure properties, biocompatibility

concerns and possible complications of processing did prevent their implementa-

tions in manufacturing these PMMA bone-cements. Cavalu suggested using silver-

NPs with strong antibacterial activity and no significant reduction in mechanical

strength [119]. A novel SrO modified TiO2-NTs were incorporated into the PMMA

matrix to enhance its mechanical, physical, and biological properties with enhanced

radiopacity and osteoblast cell viability attributed to the modification of the n-

TiO2-NTs with SrO showing a novel pathway to develop an alternate radiopacifier

for bone cements, which could also act as a reinforcing agent.
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The MO-NPs of Cu, Fe, Ta, V, and Co are currently being examined as promis-

ing constituents of dental formulations in addition to those including TiO2 and ZnO

that have produced most of the experimental results so far from in vitro experiments

with positive activity against a wide range of oral cavity pathogens like S. mutans,

Streptococcus sanguis, Lactobacillus, Prevotella intermedia, Porphyromonas gingi-

valis, Fusobacterium nucleatum, and Aggregatibacter actinomycetemcomitans. In

vitro assessment of the antibacterial formulations based on TiO2-NPs1CS mixed

in glass-ionomer cement, and nano-TiO2 containing films showed strong efficacies

against S. mutans biofilms, S. mutans, and A. viscosus, respectively. In another

work, solutions of 40�60 nm TiO2-NPs showed significant efficacies against S.

mutans, and S. sanguis offering almost equivalent replacement of chlorhexidine or

sodium fluoride mouthwashes. TiO2-NT-coatings onto the surface of Ti-biocompo-

site�based dental implants showed significant in vitro results in taking care of S.

mutans. The antibacterial activities of these nano formulations are based on

enhanced SOR generation causing damage to membranes, DNAs, other macromole-

cules, as well as the functions of the bacterial cells via photocatalytic effects in the

presence of visible and near-UV/UV-radiations. A colloidal solution of TiO2-NPs

could, for instance, destroy the spores’ membranes of B. cereus releasing the orga-

nelles into the surrounding environment as reported in detail elsewhere [120,121].

Several observations were made in using dental preparations of ZnO-NP-

coated orthodontic wires possessing antibacterial properties, whereas ZnO-NPs

covering on anodized TiO2-NTs exhibited 45%�85% reductions in the growth of

S. mutants and P. gingivalis. ZnO-NPs (B35 nm) in a homogeneous suspension

demonstrated a strong in vitro influence on controlling the growth of Rothia iso-

lates in planktonic and biofilm forms. In vitro experiments using ZnO-NPs con-

taining pastes promoted the antibacterial properties of chlorhexidine against E.

faecalis. One of the studies of bactericidal effects of very dilute concentrations

(e.g., 1027�1026mg/L) of the colloidal solutions of the MO-NPs of Ti, Fe, Ta, V,

Co, Ta, Zn, and Cu showed positive effects against E. coli. The influence of com-

posite coatings of titanium surfaces was also noted against species, including

P. intermedia, P. gingivalis, F. nucleatum, and A. actinomycetemcomitans; in des-

cending order as nanosilver (Ag). nano-(Ag1CuO). nanocupric oxide (CuO).
nanocuprous oxide (Cu2O). nano-(Ag1ZnO). nano-ZnO. nanotitanium dioxide

(TiO2). nano�tungsten oxide (WO3). Thus antibacterial activity of Ag1ZnO and

Ag1CuO-NPs composite was found stronger than that of Ag and ZnO-NPs, but

lower than that of CuO-NPs [47,122].

The novelty of antibacterial properties of various materials containing MO-NPs

investigated in vitro has primarily been assigned to their highly reactive surfaces.

Moreover, materials, which are inert in their bulk forms, might also possess differ-

ent new antibacterial properties when produced in nanoparticulate forms. A com-

parison of the antibacterial activities of the varying sizes (i.e., 18, 22, and 28 nm)

of the NPs of the oxides of Zn, Cu, and Fe was made using E. coli, P. aeruginosa,

S. aureus, and B. subtilis bacteria species with significant variations but still con-

firming that the antimicrobial activities were, in general, enhanced by reducing the

particle size. More recent studies demonstrated the long-term antibacterial effects
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(i.e., up to 9 days) of silver and iron oxide against dental pathogenic germs favoring

the introduction of their nanoparticulate forms in preparing dental formulations

[123].

Dental plaque offers an environment that allows microbes to settle on the teeth

and initiate common mouth diseases. Many dental materials showed improved per-

formance after their conversions in nanocrystal forms as noted in the case of

nanodiamond-functionalized amoxicillin in combination with gutta-percha for root

canal treatment. In addition, due to the proliferation of bacteria and the reduction in

pH in the course of treatment, the orthodontic treatments often lead to the formation

of dental plaque chalk and brackets coated with CuO and ZnO-NPs that checks the

growth of S. mutans. While using maxillofacial prostheses in an external environ-

ment containing a variety of flora, it caused biofilm formations that increased the

incidence of tissue inflammations. Adding nano-TiO2 to such prostheses resulted in

antibacterial effects following light exposure. MO-NPs, in general, are emerging as

promising constituents in the dental formulations with antibacterial properties to

overcome the resistance to conventional antibacterial drugs as can be seen from the

reported observations [124].

7.6 The antibacterial pathways

Biomedical applications of nanoparticulate material species have continuously been

growing based on their antibacterial properties. For example, changing the meta-

bolic processes of bacteria due to the metal-NPs could advantageously be used in

eliminating the bacterial infections and curing the related diseases. Ability of the

NPs to enter biofilms also provides a practical method to inhibit biofilm formation

based on the Ag-inhibited gene expressions [47]. The nanoparticulate species are

attracted to bacteria before making contacts with them involving mechanisms like

electrostatic attraction, vdW forces, receptor-ligand, and hydrophobic interactions

to facilitate them in crossing the membrane and gather along the metabolic path-

ways besides influencing the shape and function of the membrane. Thereafter,

these are found interacting with DNAs, lysosomes, ribosomes, and enzymes, lead-

ing to oxidative stresses, heterogeneous alterations including changes in cell

membrane permeability, electrolyte balance disorders, enzyme inhibition, protein

deactivation, and changes in gene expressions that have quite often been proposed

in current studies of oxidative stresses, metal ion releases, and nonoxidative

mechanisms [125,126].

In ROS-caused oxidative stresses, NPs are found interacting with generic mole-

cules that have strong positive redox potentials leading to different types of ROS

generations by reducing oxygen as superoxide radical (O22), the hydroxyl radical

( �OH), hydrogen peroxide (H2O2), and singlet oxygen (O2), creating different

levels of activity. For example, calcium and magnesium oxide-NPs could generate

O22, whereas ZnO-NPs generated H2O2 and OH but not O22. Although, CuO-NPs

are capable of producing all four types of ROS’s. Studies have also confirmed that
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O22 and H2O2 cause less acute stresses and are neutralized by superoxide enzymes

and catalase, whereas UOH and O2 could result in acute microbial death. The main

causes of ROS production involve restructuring by creating defect sites, and oxygen

vacancies in the crystal. Under normal circumstances the production and clearance

of ROS in bacterial cells are balanced. In contrast, with the excessive production of

ROS, the redox balance of the cell favors oxidation producing oxidative stresses,

which damage the individual components of the bacterial cells.

Oxidative stress has been confirmed as main contributor to the changing perme-

ability of the cell membrane creating damages in bacterial cell membranes. It was

confirmed in one of the studies that Al2O3-NPs crossed the cell membrane to

become intracellular, and their interactions with the cell membrane eventually trig-

gered the loss of membrane integrity, most likely due to intracellular oxidative

stress. Similarly, nano-silver ions were used as catalysts to activate the oxygen in

air or water, leading to the production of hydroxyl radicals and reactive oxygen

ions, which prevented the proliferation by killing the bacteria. A number of studies

have also shown that ROS play a key role in the interaction between DNA and bac-

terial cells. ROSs are beneficial to increasing the gene expression levels of oxida-

tive proteins, which is a key mechanism in bacterial cell apoptosis. Furthermore,

ROS can attack proteins and reduce the activity of periplasmic enzymes that are

essential to maintain normal morphology and physiological processes in bacterial

cells. NPs could produce ROS by different mechanisms. The photocatalytic hypoth-

esis is the latest explanation, in which, oxide-NPs of Zn and Ti absorbing light irra-

diation allow the transition of electrons from the valence to the conduction band

creating a hole in the valence band and produce highly reactive states on the surface

and inside the catalytic material. The holes adhere to the surface of ZnO after inter-

action with H2O or OH2 producing the hydroxyl radical ( �OH). Similarly, the OH-

radicals are reduced to the superoxide radicals (O22) after electronic interaction

with O2 that stay onto ZnO surface. The active constituents that maintain the nor-

mal morphological and physiological functions of the microorganism are degraded

due to ROS generation. In particular, the photo-generated electron-hole pairs in

TiO2-NPs react with water and air on the surface producing highly active ROS’s

that attack intracellular organic matters in the bacteria. In another example, Zn pro-

duces highly reactive ROSs in presence of UV and visible light radiations. While

the negatively charged O22 and OH-radicals remain confined to ell surface without

penetrating inside the bacteria, H2O2 species could penetrate the cell membrane.

ZnO-NPs were found transformed from the spiral C. jejuni cells into spherical ones,

causing cell damage and leakage as revealed by SEM. Quantitative real-time poly-

merase chain reaction (RT-PCR) confirmed that the expressions of the oxidative

stress-genes (Kat A and Ahp C) and general stress responding gene (Dna K) were

enhanced by 52, 7, and 17 times, respectively, due to ROS. Ultrasonic activation

was also found causing ROS formation. ZnO-NPs splitting H2O into H1 could react

with dissolved oxygen to generate H2O2 in the environment having water and oxy-

gen and then penetrated the cell membrane to kill bacteria. Ultrasonic treatment of

polymer-NPs and colony-forming units could dissociate the NPs and promote their

penetration through the cell membrane. In addition, antimicrobial metal ions are
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released from the surface fast to inhibit the proliferation of bacteria under ultrasonic

treatments, which may be due to the increased rates of transport of bacterial oxy-

gen, nutrients, and wastes produced. A previous study, however, noted the antibac-

terial activities of the NPs even in the dark. Photo-stimulated ZnO could produce

minimal amounts of OH-radicals. Oxygen vacancies situated on the ZnO-surface

were found facilitating significant production of H2O2. In heterogeneous catalysts

the catalytic activity of MO is dependent on the density of the active sites. The

parameters such as size, lattice constant, and orientation of the ZnO-crystallites

decide the associated antibacterial activity.

The metal ions, released from the MO, are absorbed through the cell membrane

before interacting with the functional groups of proteins and nucleic acids compris-

ing �SH, �NH, and �COOH groups and damaging the enzyme activity, changing

the cell structure, affecting the normal physiological processes, and ultimately inhi-

biting the microorganism. However, the impact of metal ions on the pH inside lipid

vesicles is not strong during the antibacterial process of MO-suspensions with

weak antimicrobial activity. Therefore dissolved metal ions do not produce the anti-

microbial effects in MO-NPs. Similarly, it was confirmed that superparamagnetic

IONPs interact with microbial cells by penetrating the cell membrane and interfer-

ing with transmembrane electron transfers. In addition, heavy metal ions were

found acting indirectly as carriers of antimicrobial substances as discussed in detail

in Ref. [127].

The antibacterial activities of MgO-NPs found affecting E. coli under UV, natu-

ral light, or darkness were considered unrelated to the membrane lipid peroxidation

caused by oxidative stress. MgO-NPs are not observed in the cells even after the

bacterial cell membranes are damaged showing the surface pores clearly. Even

energy-dispersive X-ray spectroscopy could not detect the presence of Mg-ions.

Only one type of MgO-NP interaction could produce small amounts of ROS,

whereas it is absent in other two cases. Lipopolysaccharide (LPS) and phosphatidyl-

ethanolamine (PE) in the cell wall were not significantly changed by MgO-NP

treatment indicating that they did not cause lipid peroxidation while the amount of

ROS-associated proteins in the cells are not increased, but many critical cellular

metabolic processes related to proteins, including amino acid metabolism, carbohy-

drate metabolism, energy metabolism, and nucleotide metabolism, are significantly

reduced [47,128].

Examining the structural details of the bacterial cell-walls and membranes that

act as barrier for protecting them from the external environment was found neces-

sary to identify the viable NP-adsorption pathways to the cells. For example, a neg-

atively charged region in the cell wall of Gram-negative bacteria was noted to

attract NPs in contrast to the teichoic acid that was only expressed in the cell wall

of Gram-positive bacteria facilitating the NP-distributions along the molecular

chain of phosphate preventing their aggregations. NPs were consequently found

more active against Gram-positive bacteria than the Gram-negative ones because of

the presence of LPS, lipoproteins, and phospholipids, which only permitted the

entry of macromolecules. In contrast, the cell-walls of the Gram-positive bacteria,

including a thin layer of peptidoglycan and teichoic acid along with abundant pores,
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allowed foreign molecules to penetrate the cells resulting in cell death. In addition,

the enhanced presence of negative charges on the cell-wall surfaces of the Gram-

positive bacteria could attract NPs as observed in the case of a hydroxyapatite whis-

ker/nano-ZnO composites exhibiting improved antimicrobial influence against S.

mutans, Candida albicans, and S. aureus than on E. coli. These observations sug-

gested that NPs could destroy bacteria with specific components and structures of

the bacterial cells. The antimicrobial behavior of ZnO-NPs was found dependent on

the bacterial cell compositions that were more favorable in Gram-positive species.

Certain components such as LPS in the Gram-negative bacteria prevented the adhe-

sion of ZnO-NPs to the bacterial cell barrier regulating the in/out-flow of ions

across the cell membrane. The phospholipid head groups of the LPS membranes in

E. coli interacting with ε-poly-L-lysine through electrostatic attraction could damage

the cell membranes. However, the amphoteric Listeria innocua film containing

lysine-derived phospholipids having insufficiently strong negative charges to attract

cationic peptides; the cell membrane of L. innocua had lower permeability than

those of E. coli. The important enzymes and proteins coupling with the intracellular

components were further restrained in causing a bacterial metabolism-disorder lead-

ing to cell deaths. Various aspects of antibacterial properties of nanoparticulate spe-

cies were discussed in detail in Ref. [129].

The antibacterial efficacies of the nanoparticulate material species were found

dependent on their morphologies, charge distributions, zeta potentials, and crystal

structures, along with the biofilms formed onto the bacteria surfaces that could be

responsible for antibiotic resistances. Moreover, other factors such as environmental

conditions, the bacterial strain, and the exposure time were also noted affecting the

overall antibacterial effects of the NPs in addition to their large specific surface

areas, higher surface energies, and atomic ligand deficiencies causing their aggrega-

tions. The current studies found that for better understanding of the antibacterial

activities of the metal-NPs as function of their size and shape, it needed more

detailed examination of the NP-characteristics. For instance, the morphology of the

TiO2-NTs in a composite film of TiO2-NTs1 silica-NPs was found deciding the

extent and mechanism of its antibacterial activity. Although, smaller NPs with

larger specific surface areas imparted higher probability of making contact and

entering through the cell membrane than the larger ones, however, the analysis of

the size-dependent antibacterial activities of the three different types of Mg(OH)2-

NPs clarified that the smallest Mg(OH)2-NPs had the weakest antibacterial effect.

This particular observation confirmed that the size alone was not a dominant factor.

It, therefore, required still more detailed examinations of the other physicochemical

properties while exploring their antibacterial activities. However, NPs with different

shapes could inflict varying degrees of cell damages through interactions with peri-

plasmic enzymes as noted in a comparative study of three different types of ZnO-

NPs (i.e., pyramidal, plate-like, and spherically shaped morphologies). In a com-

bined influence of β-galactosidase and shape-specific photocatalytic ZnO-NPs could

obstruct and restructure the enzymes, in which, the pyramid-shaped n-ZnO-NPs pre-

vented the enzyme degradations resulting in stronger antibacterial activity against

Pseudomonas desmolyticum and S. aureus, which might rupture membranes.
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Similarly, in another study of the sustained-release of Ag-NPs as bactericidal

agents, better efficacy of the cuboid-NPs was observed compared to the spherical

ones indicating toward the significance of shape effect on the antibacterial activity

derived from combined effect of specific surface area and facet reactivity. In addi-

tion, with increasing surface roughness of the NPs, the size and the surface area-to-

volume ratio promoted the adsorption of the bacterial proteins, followed by a reduc-

tion in bacterial adhesion. Recent studies have also shown that the zeta potential of

NPs influenced the bacterial adhesion strongly due to the electrostatic attraction

between positively charged NPs and negatively charged bacterial cell membranes.

For example, Mg(OH)2-MgCl and Mg(OH)2-MgSO4-NPs were found getting

adsorbed onto the bacterial surfaces, in contrast to their negatively charged counter-

parts. The potential of the NPs to selectively gather at the sites of bacterial infection

could enhance the vascular permeability. Accumulation of the cationic NPs was

found beneficial to inhibiting bacterial growth by limiting bacterial attachment.

Slight penetration of NPs into the outer regions of the S. aureus envelopes some-

how provided higher germicidal efficacy, possibly because the NPs could reach key

structures through ion-exchange. Compared to the negatively charged and neutral

NPs, positively charged counterparts were believed to enhance ROS productions,

whereas the negatively charged NPs did not adhere to bacteria due to repulsions.

However, at higher concentrations, negatively charged NPs could also exhibit a cer-

tain level of antibacterial activity due to molecular crowding, which led to interac-

tions between the NPs and the bacterial surfaces as discussed by various authors

[130].

Doping of the NPs is one of the most effective ways of regulating and control-

ling the interactions of the NPs and bacteria besides stabilizing their dispersions. Of

late, the combination of ZnO-NPs1Au forming ZnO/Au nanocomposites was used

in improving the photocatalytic activity and enhancing the ROS generation as a

result of the factors such as improved light absorption due to the surface plasmon

resonance of Au, altered bandgap of ZnO-NPs enhancing the reactivity of photo-

induced charge carriers, and increasing the efficiency of electron transport and

charge carrier separations. For instance, F-doped ZnO-NPs generated more ROS

than undoped ones, resulting in greater damage to the bacterial cells. The O-content

at the surface of the ZnO-NPs was found regulating antimicrobial efficacy against

both Gram-negative and positive bacteria. Nano-TiO2, being widely used in ortho-

pedic and dental implants, exhibited antibacterial activity by reducing the formation

of the biofilms. Compared to the unmodified nano-TiO2, which could improve

photocatalytic activity, the doped ones extended the active spectrum to the visible

light region due to bandgap reductions as noted in various studies [131].

Another interesting class of NM species, known as ZnO nano�sea urchins and

tetrapods, were reported blocking the viral entries (HSV-1 and HSV-2) into the

cells as they got attached to the receptors at the viral surfaces resulting in restricted

viral entry. These reductions were further accentuated after UV illumination of the

ZnO-nanostructures. The interaction of heparan sulfate groups enveloping the HSV-

1 virus and the gD-receptors on the cells was, for instance, found facilitating their

cell entry. The UV-irradiation was found creating more oxygen vacancies than
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those ZnO nano-microstructures treated with sunlight. Similar observations were

made in the case of SnO2 NW networks in blocking the entry of HSV-1. These

nano-microscale ZnO-tetrapods exhibited very low level of cytotoxicity as com-

pared to conventional spherical NPs and ZnCl2 [132].

The environmental conditions were found affecting the antimicrobial activity of

nanoparticulate species. For example, the influence of temperature was found corre-

lated to the ROS generation in stimulated ZnO-NPs capturing electrons at the active

sites. Afterward, the electrons interacted with oxygen (O2) to produce ROS, thereby

enhancing the antimicrobial effectiveness of ZnO-NPs. Moreover, the pH of the

environment influenced in vitro antimicrobial activity by noting that decrease in the

pH increased the dissolution rate of ZnO-NPs that resulted in greater antimicrobial

properties as pH was specifically found improving the NP adhesion to the bacterial

surfaces. In addition, the loss of efficacy of poly (lactic-co-glycolic acid) (PLGA)-

poly (L-histidine) (PLH)-poly (ethylene glycol) (PEG)-encapsulated vancomycin

decreased under acidic conditions suggesting that the selective protonation of the

imidazole groups of PLH under acidic conditions strongly influenced NP surface

charges. At low pH the NP’s surfaces were positively charged, which is beneficial

to the interaction with the negatively charged groups of the bacterial cell barriers,

inducing strong multivalent electrostatic regulations. Another study proposed an

oxidative dissolution mechanism for Ag-NPs through the interaction of Ag1 with

dissolved oxygen and protons. The characteristics of the medium, such as the pH

and osmotic pressure, were found influencing the aggregation, surface charge, and

solubility of the NPs. Antibacterial tests of ZnO-NPs in five types of media demon-

strated that its antimicrobial activity was mainly due to free Zn ions and their com-

plexes. The preparation of ZnO-NPs under different stirring conditions was found

affecting their antibacterial activity against B. subtilis and E. coli and C. albicans

as reported [133].

7.7 Discussions and conclusion

The availability of the electron states in the outermost unsaturated atomic orbitals

of the constituent atomic species in a nanostructured material species decides the

enhanced interaction capabilities via chemical bond formation, which has been

employed in exploring their novel properties as explained in this chapter. A number

of compounds formed using these basic chemical conjugation techniques have been

further highlighted in Table 7.1.

This highlights some of the recent applications of 2D-NMs and their composites

in biomedicines for human healthcare and environment. Theoretical studies of these

interactions using simulation tools have been found useful in systematically explor-

ing quite a few novel characteristic properties in the case of the families of perovs-

kites briefly described earlier. The electron states corresponding to the d-orbitals,

already known to offer possibilities of not only forming strong chemical bonds but

also leading to chemical conjugations involving weak interactions, are noted to add
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more flexibilities in designing alternate stoichiometries that were synthesized later

and used in practical applications involving their electron/phonon transports, mag-

netic effects, thermoelectric effects, electromagnetic interactions via photons,

besides a whole host of biomolecular applications via currently ongoing studies

[3,5,25,114,121,135]. Interactions based on vdW force, hydrogen bonds, and

numerous polarization-based electrostatic interactions existing in these MO-NM-

based hierarchical supramolecules are, therefore, foreseen extremely important in

biomedical applications. Possibly, the existence of such interactions could be one of

the reasons that these compounds are pharmaceutically active in those cases where

conventional antibiotics are known to be ineffective after their continued uses in a

number of therapies [136].

There are evidences to conclude, only partially at this point of time, about the

fast emerging novel possibilities that would be explored in these MO species avail-

able in 0/1/2/3-dimensions bearing insulating, semiconducting, and semimetallic

properties, for their electronic applications; quantum confinement supported

electron-phonon interactions based thermoelectric applications, catalytic properties

replacing cost-intensive noble metals; besides their unique interactions with

Table 7.1 Engineered graphene in biomedicine.

Test

year

Material combinations Affected bacterial strains Inhibition

(%)

2019 GO Staphylococcus aureus/

Pseudomonas aeruginosa

93.7/48

2019 rGO�TiO2 Escherichia coli/S. aureus 100

2019 rGO�Cu2O E. coli/S. aureus 70/65

2019 PDMS�GO�DMA S. aureus B40

2018 rGO�Ag/Ag2S E. coli 100

2018 GO�ZnO E. coli 100

2018 PVA�CS�GO E. coli 1.25/

1.4 mma

2017 GO�Ag3PO4 NPs E. coli/S. aureus 100

2017 rGO�Ag-NPs E. coli 100

2017 rGO�Van�nHA E. coli/S. aureus N/A

2017 GO-cefalexin E. coli/S. aureus 6.3/

6.9 mma

2015 GO�Mn�Fe2O4 E. coli 82

2015 GO�Bi2WO6 Mixed culture 100

2015 GO�PEG�PHGC E. coli N/A

2015 GO�Lys E. coli/Bacillus subtilis 68

2015 GO�PEI�ciprofloxacin E. coli/S. aureus 100

2015 rGO�PEI�Ag�NPs�Fe2O3 E. coli 99.9

2015 rGO�Ag�CoFe2O4 E. coli/S. aureus 97�99

Graphene-derivatives functionalized with Ag-NPs, metal ions/oxides, polymers, antibiotics, enzymes, and
multicomponent composites [134].
aAgar Diffusion Assay (ADA).

159Metal-oxide powder technology in biomedicine



biomolecular species as discussed particularly in this chapter. Newer opportunities

of synthesizing compounds possessing unusual physico-chemico-biomedical proper-

ties that would be used in many more emerging applications not yet explored, and

hence it would require periodic review of this fast-growing subject of utmost impor-

tance in human healthcare as such besides other associated industrial applications.
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8.1 Introduction

There is still a need to design and develop new materials with unique mechanical,

physical, and chemical properties by simulating the processing of materials and

their applications as well as adjusting their properties using new programs and tech-

niques. Nowadays, numerous new techniques are used to prepare high-quality pow-

ders of materials. This will help to innovate and develop many novel technological

applications [1,2].

Metal oxide and metal oxide-based powders have been widely studied recently

because of their unique optical, electrical, and electronic properties so that they can

be used in many demanding technological applications. The industrial area where

metal oxides or ceramics powders are used in huge amounts is mechanical and

structural applications, electronic and electrical materials, catalysts, pigments, lubri-

cants, and coating of metals [1].

Metal oxide materials can be categorized into two types: first one: simple metal

oxides such as periclase (MgO), wustite (FeO), and ferropericlase (MgO1 FeO)

that have a 1:1 ratio, cuprite (Cu2O) copper (I) oxide, rutile or anatase (TiO2), cas-

siterite (SnO2), pyrolusite (MnO2) that have a 2:1 ratio, corundum (Al2O3); hema-

tite (Fe2O3), that have a 2:3 ratio. The other type is multiple (or mixed) oxide such

as spinels and perovskite. The general formula for spinel is AB2O4, while for per-

ovskites, it is ABO3. Examples of spinel are mineral balas ruby MgAl2O4, chromite

FeCr2O4, magnesiochromite (MgCo2O4), hercynite (FeAl2O4), and magnetite

(Fe3O4) where Fe is in two oxidation states Fe21Fe2
31O4 [1].

It is well known that many bulk ceramics are manufactured directly by compact-

ing and sintering their metal oxides powders such as Al2O3, TiO2, ZnO, and ZrO2.

Burke and Turnbull proposed that to produce a material in nonequilibrium phase,

we need a sequence to energize and quench processes such as solid-state quenching,

melting-solidification, vapor�condensation, and irradiation [3]. On an industrial

scale the use of the equipment and raw materials efficiently and reducing energy

consumption, as well as taking into consideration environmental issues, has become

more important. Therefore the choice of the specific technique for powder
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production depends on particle size, shape, purity, microstructure, and chemistry of

powder and also on the cost of the process. The physical and mechanical methods

to produce the metal oxide powders rely on the most important methods in produc-

ing metal oxides powders because they are cheap and easy to produce a huge

amount of powders.

By using external dynamic agents, for example, through melting or evaporation

process (increasing the temperature), irradiation, the pressure applied, or plastic

deformation for energy storing, the equilibrium state is transferred to nonequilib-

rium state (higher Gibbs free energy). For instance, during rapid solidification, the

initial solids are melted, and during vapor deposition, the material evaporates. The

active material is then “quenched” into a configurationally frozen state in ways

such as rapid solidification or mechanical alloying (MA) so that the resulting phase

is in a highly metastable state and has a free energy G1 [4]. Some powder prepara-

tion methods allow us to control the product morphology by changing the prepara-

tion conditions and parameters. As an example, the shapes of ZnO particles

prepared by hydrothermal technique change from ellipsoidal to a long prism-like

shape with increasing ammonia concentration [5].

Fig. 8.1 presents a schematic representation of various metal oxide powder pro-

duction methods. Some mixed methods such as the mechanochemical method and

reactive milling technique also could be used to produce powders. This chapter

deals with a review of the well-known mechanical and physical techniques to pro-

duce the metal oxide powders with a focus on the processes and apparatuses.

8.2 Production of metal oxides powder by using crushing
and milling

Mechanical forces such as crushing, grinding, and milling are used to transfer the

bulk solids into grains or particles. To choose the specific technique for powder

production, some characteristics should be taken into account such as particle size,

shape, microstructure, and chemistry of the powder but also the cost of the process.

The shape of the individual particles in the powder is an important parameter to

prepare the homogeneous microstructure ceramics. Also, the powder particle size is

an important factor in the sintering and densification processes where the densifica-

tion is inversely proportional to the particle size and the volume diffusion is

inversely proportional to the 1.5 power of the particle size [6]. As an example, the

crushing process produces grains about 1 mm in size, whereas grinding and milling

produce micro-sized powders [7].

To produce a small amount of metal oxide powder in the laboratory, we can use

some simple methods such as chopping (cutting) or rubbing (abrasion). In the chop-

ping process the material is cut up into small pieces employing a milling cutter. It

is difficult and costly to make powders by this technique. The abrasion method

could be performed by one of the following techniques: (1) rubbing of two surfaces

where the hard surface material removes part of the material from the surface of the
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soft material. (2) Filling, this technique could be employed to produce alloy pow-

ders, coarse powders of dental alloys, and finer powders. This technique is not fea-

sible commercially. (3) Scratching if a hard pin is used to rub on some soft metal

oxides, the powder flakes will be produced. (4) Machining process by using a lathe

or a milling cutter to get fine chips and turnings. It could then be reduced further in

size by grinding. Machining has two disadvantages, one of them is the lack of con-

trol on powder characteristics such as chemical contamination (oxidation, oil, and

other impurities), and the other one is irregularity and coarseness of the powder

shape. The advantage of machining is consuming scrap from another process [1].

Two main parameters that determine the type of milling technique to produce

metal oxides powders on a large scale are as follows: first, the product output

Figure 8.1 Presents schematic representation of various metal oxides powder production

methods.
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amounts, where the milling technique that produces more quantities of powder is

preferable. Second, the contamination of the produced powder, which is affected by

the initial purity of input materials, the milling equipment design, the milling pro-

cessing conditions such as milling speed, the size ratio between milling ball and

material powder and atmosphere [8].

The first stage of disintegration is grinding of the metal oxides or raw materials

in a jaw crusher. This is performed between a fixed jaw and a moving one, where a

coarse metal oxide powder is obtained. Basic disintegration procedures are pressure,

shear, wear, and impact. Fig. 8.2 illustrates these procedures. The milling process is

carried out under dry or wet conditions and at most used grinding media [7].

Mechanical methods applied to produce natural and synthetic oxide powders are

categorized into [1]

1. ball milling is a powder mixing process,

2. attrition milling, and

3. vibration milling.

The classification of mill techniques depending on milling energy is a horizontal

ball mill, attritor, planetary ball mill, and vibration ball mill. Fig. 8.3 and Table 8.1

summarized their principles and parameters [9,10].

Fig. 8.4 shows one-dimensional powder production using a high-energy ball

mill. Ball milling is most suitable for brittle materials but not suitable for the mate-

rials that have ductility and cold welding characteristics. The mechanism in a high

energy ball mill to produce fine powder is illustrated in Fig. 8.5. Also, it could be

employed to oxidize the metal powder so we obtain metal oxide powders [1].

The limitations of using ball milling to produce metal oxide are as follows [1]:

1. Rubbing action causes contamination of powder since balls may also get rubbed.

2. Working hardening of metal powder is caused during milling.

3. The quality of the powder is poor.

4. Particle welding and agglomeration may take place.

Attrition is a high energy mill consisting of a vertical container, has impellers

that rotate along its axis, which in turn agitate the balls inside the drum.

Figure 8.2 The basic disintegration procedures are (A) pressure, (B) shear, (C) wear, and

(D) impact.
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The materials inside the attritor are affected by different forces such as impact, rota-

tion, tumbling, pressing, and shearing. As a result, the powder starts to form and

their particle size reduces with time, and the fine powders are produced. The speed

of grinding in attritors is less than planetary and Shaker mills, typically 0.5 m/s this

means less energy is consumed [11].

To select the suitable grinding media to use in the milling process, it should be

denser than the produced powders and the grinding ball size larger than the pro-

duced powder size, but to get fine powders, the grinding ball should be small

enough to reach the powder size wanted. Also, the hardness of the grinding media

impacts the contamination amount in produced powders. The PH in wet milling is

important also discoloration as well as the cost of the media. Lubricants and

surface-active agents are used to nullify the welding forces that cause agglomera-

tion [7].

Besides, the types or ratio of contamination in the powders is one of the most

important criteria for many novel applications. Sometimes to avoid possible con-

tamination, the balls, stirring rods, and the tank may be made from the same mate-

rial as the powder produced [12].

Figure 8.3 Difference milling techniques using to produced powders. (A) horizontal mills,

(B) Szegvari attrition mill, (C) planetary ball mill, and (D) shaker vibrating mill.
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Table 8.1 The different milling methods optimal parameters [7].

Cycle

time (h)

Powder amount Mill speed (rpm) Ball

diameter (mm)

Ball filling

level (%)

Powder filling

level

Powder

size (µm)

Vibrating

mill

0.01�0.5 .1 kg (industry)

1 g

(laboratory)

1000 (industry)

3300 (laboratory)

1�10 1�10

Planetary

ball mill

1�10 10�100 g 80�400 6�30 50�70 1:10 powder to

ball weight

ratio

5�100

Vertical

attritor

0.1�10 100 kg (industry)

100 g

(laboratory)

60 (industry) 300

(laboratory)

6�10 70 1:10 5�100

Horizontal

attritor

0.1�10 100 kg (industry)

100 g

(laboratory)

1800 6�10 30 1:10 5�100

Horizontal

ball mill

.10 .1 t 10�50 6�25 50 100% of ball

interstices

10�50



The empirical relative energy (W) needed for milling may be utilized [13]:

W 5 g � D2a
k 2D2a

p

� 	
(8.1)

where g is a constant depending on the material, mill design, and milling condi-

tions; Dp(m) is an initial granularity; and Dk(m) is a final granularity size. The

exponent (a) ranges from 1 to 2. As an example, by assuming that the energy rate

consume is constant, if time needed to reduce the dimension of material particles,

using milling process, from 300 to 110 μm is 8 hours, the time needed to reduce the

resultant powder to the 75 μm particles size is 10.6 hours and the energy consumed

is about 1.33 times greater.

The critical speed of a tumbling ball mill (Vc) given by

Vc 5
42:3ffiffiffiffiffiffiffiffiffiffiffiffi
D2 d

p rpm (8.2)

where D is the vial diameter and d is the balls diameter.

Figure 8.4 One-dimensional nanomaterials synthesized using high energy ball mill.

(A) a vertical rotation ball mill and (B) a planetary ball mill.
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The high energy ball milling method is one of the important techniques used to

prepare large-scale, micro-, and nanosized powders for many applications. It is

based on a mechanical energy transfer between hard ball and target materials by

colliding action. High-energy ball-mills categorize into three types.

8.2.1 Mechanical alloying

MA is defined as a solid state powder preparation method. It was developed in the

mid-1960s. It could be used to prepare a variety of both equilibrium and nonequi-

librium alloy phase which involves repeated cold welding and fracturing of powder

particles in a dry, high-energy ball milling technique. The properties of produced

powders are strongly affected by the process parameters such as milling time, ball-

to-powder weight ratio, milling environment, milling media, and rotation speed

[14].

One of the main materials produced by MA is oxide-dispersion strengthened

(ODS) materials. ODS materials have high strength at room and elevated tempera-

tures, excellent oxidation, and hot corrosion resistance. These characteristics due to

the uniform dispersion (with a spacing of around 100 nm) of very fine (5�50 nm)

oxide particles (Y2O3, ThO2, and La2O3) in superalloys based on Ni or Fe [15,16].

8.2.2 Mechanical milling (MM) or grinding

It describes the process where stoichiometric composition materials such as pure

metals, intermetallics, or prealloyed are ground, without requiring for material

transfer. In mechanical milling/mechanical disordered (MM/MD) the time of mill-

ing is less than in MA because the alloys already exist, where we only reduced the

Figure 8.5 Processing of advanced materials using high energy mechanical: (A) head-on

impact, (B) oblique impact, and (C) multiball impact.
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particle size. Consequently, the oxidation process during the MM powder produc-

tion reduces [17].

8.2.3 Mechanical disordered

It is a process of producing either disordered intermetallic materials or an amor-

phous phase by destruction of the long-range order [18].

The main factors that affect the MA, MD, and MM processes are

1. milling time;

2. milling speed;

3. milling media (ball or rods);

4. impurities and milling tools;

5. shape of the milling vials (the internal shape of the vial is flat-ended or concave-ended

type);

6. type of mills (drum ball mills, jet ball mills, bead-mills, roller ball mills, vibration ball

mills, and planetary ball mills);

7. milling temperature;

8. milling media-to-powder weight ratio;

9. milling environment (dry or wet milling); and

10. milling atmosphere (air, nitrogen, or an inert gas).

BaTiO3 powder prepared by ball milling technique where equal weights of

BaTiO3 and KCl were added to ethanol and milled for several minutes stirred for

2 hours and dried at 70�C for 12 hours. After that it calcined in Al2O3 crucible at

1100�C for 5 hours with 5�C/min heating/cooling rates [19]. Fig. 8.6 shows

field emission scanning electron microscope (FE-SEM) images of a spherical

shape copper-doped BiVO4 nanopowder with size ranging from 40 to 160 nm.

Furthermore, the inset particle size distribution plots show the reduction in particle

sizes for higher Cu-doped samples. The high energy ball-mill technique was used

with synthesis parameter such as ball-to-powder ratio (5:1, 8:1, and 10:1) with

6 hours and 11 hours as a milling time and annealed at 450�C under air for 1 hours

to prepare Cu-doped BiVO4 powder [20]. Chatterjee et al. in 2003 prepared doped-

BaTiO3 powder in solid-state reaction route by using a ball mill of the BaCO3 and

TiO2 with dopant oxides La2O3, Sb2O3, and MnO [21].

Figure 8.6 FE-SEM images of Cu-doped BiVO4 nanopowders for (A) 1 at%, (B) 5 at%, and

(C) 10 at%. The inset shows the particle size distribution [20].
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8.3 Production of metal oxides powders using
evaporation techniques

8.3.1 Simple (or thermal) evaporation technique

Simple (or thermal) evaporation or is one of the easiest methods to obtain powders

from the solutions by evaporating the solvent. In this process the soluble salt solu-

tion is heated in a suitable container until the solvent molecules evaporate

completely. The remaining result is the dry powdery materials that are calcined at

suitable temperature (B500�C) to get oxide powder. The main process parameters

are the temperature, pressure, atmosphere, and evaporation time period. An example

of mixed metal oxide powder prepares using this method is lead lanthanum zirco-

nate titanate [22]. One of disadvantages of this method is the lack of control on the

powder during the formation. Another disadvantage is the possible segregation of

the various components in the solution during transition in the supersaturation

stages under heating.

8.3.2 Laser evaporation technique

In 1987 Dijkkamp et al. succeeded in depositing the first Y�Ba�Cu oxide thin

films using pulsed excimer laser evaporation technique from a bulk material [23].

Williams and Coles prepared nanopowders of Al2O3, ZrO2, and SnO2 metal oxide

by a laser evaporation method [24]. Popp et al. prepared ceramic nanopowders

(nanocrystalline ceramic powders) of ZrO2 and Al2O3 by laser evaporation and

recondensation technique [25]. Schemes of the evaporation chambers for rods and

coarse powders are illustrated in Fig. 8.7. They established a relationship between

evaporation rate and laser power. Also, the particle size distributions were impacted

by laser power, area of the laser focus, pulse length in the case of plane wave

mode, streaming velocity, and type of the carrier gas. Fig. 8.8 depicts the transmis-

sion electron microscopy (TEM) image of laser-evaporated nanopowders of alu-

mina and zirconia where the shape of the particle is spherical. Partil et al. used

laser ablation in liquid media to synthesis iron oxide nanostructure using 694 nm

light of ruby laser [26] also zinc oxide nanostructures have been synthesized by

Singh et al. [27].

There are three types of solvent evaporation technique:

1. freeze-drying technique

2. spray-drying technique

3. spray-pyrolysis technique

8.4 Atomization for metal oxide powder production

Atomization (also called spray drying) is one of the methods used to breakdown

materials, usually melting or fluid feedstock, into droplets which upon drying
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become spherical powder agglomerates. It considered commercially one of the

high-quality powder production methods for many metals and alloys powders.

Fig. 8.9 shows a schematic representation of laboratory atomization [28,29]. The

factors such as melting temperature; melting viscosity and surface stress; cooling

conditions and atomization conditions impact the properties of the resulting parti-

cles. The proportion of the fine powder produced (i.e., the particle size is reduced)

is increased when increasing the melt overheating and mechanical energy applied

on the melt.

The type of fluid feedstock determines the product obtained. If it was a ceramic

slurry or suspension, the product consists of dried agglomerates of the ceramic

Figure 8.7 Schemes of the evaporation chambers for (A) rods and (B) coarse powders [25].

Figure 8.8 TEM image of laser-evaporated nanopowder of (A) alumina (B) zirconia [25].
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particles. On the other hand, if the fluid feedstock is solutions or sols the obtained

agglomerates are composed of salts, hydroxides, which need calcined to get the oxi-

des [30]. The main advantage of the atomization processes of molten materials is

the homogeneity and the spherical shape of the resulting powder particles as well as

the narrow particle size distribution.

The main types of atomization process (as in Fig. 8.10) are [8]

1. rotary (or centrifugal) atomization,

2. pressure nozzle (or hydraulic) atomization,

3. pneumatic (or two-fluid) atomization,

4. ultrasonic atomization, where a film of liquid metal (e) or the atomizing fluid (f) is agi-

tated by ultrasonic vibration.

Whatever the sort of atomization process, the basic steps remain the same: (1)

preparation of the starting materials (solution, slurry, emulsion, and sol), (2) atom-

ized the feedstock, (3) dry the droplets in the chamber, (4) calcined and if neces-

sary, sintering the products [1].

8.4.1 Atomization mechanism

The mechanism of conventional atomization divided into five stages after the

stream of molten material pouring through the nozzle, a high-pressure gas or water

impinged the steam of molten to disintegrate into droplets: (1) formation the wavy

surface of the molten liquid due to small perturbations, (2) wave fragmentation and

Figure 8.9 The schematic representation of the laboratory atomization.
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ligament formation, (3) the disintegration of ligament into fine droplets, (4) further

breakdown of fragments into fine particles, (5) collision and coalescence of particle

[30].

There is a lack of literature that talks about the preparation of metal oxides pow-

ders using atomization techniques although there are many published about metals

powder production using atomization processes. Liu et al. prepared spherical ZnO

powder using an ultrasonic atomizer driven spray-pyrolysis technique. They con-

cluded that the high vapor pressure of zinc acetate is responsible for the production

of ultrafine zinc oxide powder [31].

Figure 8.10 Atomization processes: (A) Gas, water, or oil atomization, (B and C)

centrifugal atomization, (D) vacuum atomization, (E and F) ultrasonic atomization [8].
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8.5 Physical vapor deposition

It is one of the vapor-phase synthetic techniques that used to prepare ultrafine pow-

der. This method employs evaporation and condensation process of similar compo-

sitions. To evaporate the solid materials, we use arc, plasma, laser, and electrical

heater. The main characteristics of physical vapor deposition (PVD) technique are

high purity of the produced powder, highly discrete and nonaggregated powder par-

ticles, narrow size distribution, and many types of material can be prepared such as

metals, nonoxides, and oxides powder [32]. To synthesis or deposition metal oxides

powders or nanostructure a variety of PVD techniques can be employed such as

thermal evaporation, electron beam PVD, the two types of sputtering magnetron

and RF, cathodic arc deposition and pulsed laser ablation deposition.

Pulsed laser ablation method considers one of the fever methods because it is

fast, inexpensive, easy to use, and easy to control process parameters and no need

for expensive chemical reagents. Sasaki et al. used nanosecond pulsed laser ablation

in liquids to prepare TiO2 and SnO2 nanoparticles [33]. Recently, nanocrystalline

Fe3O4 powder prepared by vacuum drying of a colloidal solution of Fe3O4 nanopar-

ticles that synthesized by nanosecond pulsed laser ablation (Nd:YAG laser,

1064 nm, 7 ns, and 180 mJ) [34].

8.6 Mixed methods

Sometimes more than one method may be employed to prepare the metal oxide

powders. Furthermore, combining two different methods such as mechanochemical

electrochemical or physicochemical techniques could be suitable for some powders.

Also, most chemical route used milling as a part of the process. Here, we will dis-

cuss briefly the processes mechanochemical, reactive milling techniques, and cold

stream (spray) [1].

8.6.1 Mechanochemical method

Within the top-down methods, mechanochemical synthesis can be used to produce

nanoparticles embedded in a matrix that avoids agglomeration and is subsequently

washed away; the method has been successfully applied to prepare different oxides,

such as Al2O3, ZrO2, Cr2O3, SnO, and ZnO. microemulsions have been used to

prepare SrTiO3, SrZrO3, CeO2, and SnO2 as well as magnetic particles and

YBa2Cu3O7 superconductors. Domanski et al. synthesized (prepared) successfully

MgAl2O4 spinel powder using a mechanochemical technique (route) where a mix-

ture of γ-Al2O3�MgO, AlO(OH)�MgO, or α-Al2O3�MgO were grinded (milled)

at room temperature under air atmosphere [35].

The MgO�CaO�TiO2 (MgCaO4) ternary system is prepared by mixing TiO2

and 54% dolomite, after that the mixture is dry-homogenized and grinded (milled)
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at high temperatures, then the produced powder is carried out in a muffle furnace

under atmospheric conditions to firing [36].

Spann et al. used Y2O3, BaCO3, and CuO as precursor materials to prepare

YBa2Cu3O7 semiconductor powder. The dry and wet ball milling of the mixture

was done followed by (1) heating to 950�C under vacuum, (2) flow of pure oxygen

gas for 4.0 hours, (3) cooling to 250�C before taking out to the ambient. These sin-

gle steps allowed the product to calcine [37].

8.6.2 Reactive milling technique

Umbrajkar et al. prepared nanocomposite powder of MoO3 in Al matrix by using

arrested reactive milling technique. They determined the maximum Al concentra-

tion in the powder mix. A shaker mill (8000 series by Spex CertiPrep) was used to

produce the powder. A steel milling ball of 5 mm diameter was used to grind the

powder. The process carried out in argon atmosphere (environment) and hexane

(C6H14) as a process control agent to prevent the possibility of cold welding and

partial reaction to happen [38].

Gallium-doped zinc oxide powder was prepared by mixing Ga metal or Ga2O3

with ZnO and then ground together in an agate mortar and pestle before sealing in

predried silica tubes under vacuum (B50�100 mTorr). The SEM image of Ga-

doped zinc oxide powder after being pressed at 4 t/cm2 shows a breaking up of the

agglomerates (Fig. 8.11) [39].

8.6.3 Cold stream (spray) process

Cold steam process is one of the mechanical methods, which is based on impact

phenomenon caused by the collision of high-speed particles against the cemented

tungsten carbide plate. It is implemented using apparatus that consists of a feed

container. A compressor is operated at 7.0 MPa to produce a high-speed stream of

air about 1.0 m3/s. Also, supersonic nozzle and target plate which are made of

cemented tungsten carbide (WC) [40�42].

Fig. 8.12 shows the SEM images of powders obtained by different powders

methods and exhibit how its shape and size varying from one method to the others.

The comparison between the different powder production methods showed the dif-

ferent of quality of the resultant powders [8].

8.7 Conclusion

In this chapter the mechanical and physical methods for preparing metal oxides

powders have been discussed. Diverse techniques can be used to produce the metal

oxides powders which depend on the composition nature of the metal oxide, the

shape and size of the powder particles, purity, the amount to produce, cost, and the

applications used. The milling techniques, atomization and PVD are the main
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Figure 8.11 SEM image of Ga-doped ZnO.

Figure 8.12 Morphology of powders obtained by (A) milling, (B) mechanical alloying,

(C) water atomization, (D) gas atomization.
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mechanical and physical methods used to produce metal oxides powders. The com-

parison between these different techniques shows that some metal oxides powders

could be produced by more than one technique. The choice of the suitable method

depends on the quality of the product.
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9.1 Introduction

Since 1980, efforts have been made to invent synthetic methods for nanoparticles

with desired properties [1]. Synthesis of the nanomaterials is categorized in two

types, top-down approach and the bottom-up approach. In the top-down approach a

large piece of material is broken into nanosized entities. It requires complex, expen-

sive, and highly energy intensive and specialized setup to maintain specific condi-

tions such as pressure, temperature, and environment (inert and nonflammable). It

has been observed that despite using high cost setup/instrumentation, top-down

approach produces nanomaterial with surface defects, nonuniform shapes, which

hinders applicability [2]. In the bottom-up approach, atomic or molecular species is

integrated to form nanostructures. Bottom-up approach is largely based on wet

chemical synthesis that is relatively simple, modular, and scalable. Wet chemical

process has used to have better control over nanostructure. Wet chemical synthesis

approach has achieved great success as it helps to have a kinetic and thermody-

namic provision to tune size, shape, and composition that can reflect the change in

optical, electronic, and surface properties. While a few interesting examples are

reported in the literature, it is necessary to explore different wet chemical synthesis

techniques for having an in-depth analysis of the controlling size, shape, and crys-

tallinity. Controlled synthesis of nanoparticles is a central prerequisite for achieving

the desired properties. Reaction parameters play a vital role (namely, type of pre-

cursor, heating method, heating/cooling rates, temperature, concentration, mixing,

and types of ligands, solvent properties, addition of the sequence, and addition rate)

that decides the size and shape of nanoparticles [3]. Therefore it is necessary to

compile literature data on the controlled wet chemical synthesis of the metal oxide

nanoparticles. Wet chemical synthesis approaches have been realized to produce

desirable size and shape of metal oxide nanoparticles in a reproducible manner.

Control over size and shape is achieved by a better understanding of elementary
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events, the mechanism by conversion of the precursor, surface-stabilizing agent,

and reagent in the system and its correlation with growth and nucleation rate. To

realize the industrial application of the colloidal metal oxide, synthesis procedure

should be scalable to meet the industrial requirement in terms of quality and quan-

tity of the product. A typical conventional batch protocol if used for scale up can

yield nanoparticles at an average production capacity of 10 mg/mL. To scale up the

synthesis of metal oxide nanoparticles, most of the people would like to increase

batch volume or reactor volume [4].

One of the most important applications of nanomaterials is as catalyst to be

widely used in petroleum and chemical industries, which has been a hot research

area attracting high attention from researchers around the world. A lot of nanoma-

terials that have shown highly catalytic activity are nano-sized metal oxide crystals

or doped metal oxide crystals. As well known, the nature of semiconductor is one

of major features for solid catalyst, especially for solid photocatalyst. The properties

could exhibit or work as catalysts only when the metal oxide bears crystal structure.

Therefore the crystallization of oxide or doped oxide is a key step in the preparation

of catalyst. Nowadays, the current processes of preparing metal oxide nanocrystal

are mainly involved in sol�gel method and some modified sol�gel methods. The

products synthesized by the methods, however, are metal hydroxides that have to

undergo a firing treatment (at over 350�C) in order to have them crystallized and to

be endowed with semiconductive and catalytic properties. But, the formation of

oxide crystals in the roasting process involves a phase transition process, in which a

new grain boundary forms and expands at high temperature, leading to size increase

of the particle obtained in solution synthesis or even to a new matrix element phase

from which the doping element is excluded [5]. In addition, the process of phase

transformation in calcination is unfavorable for the preparation of nuclear shell

structure of nanomaterials such as a magnetic nuclear coated with TiO2, SiO2, or

SnO2, resulting in tow-phase separation and a failure of coating on magnetic

nuclear. For the synthesis of nanocrystalline metal oxides with alterable valence,

the calcination in the air causes the valence of metal to rise by oxidation and the

original crystalline structure to change. And also, on the surface of the directly syn-

thesized metal oxide nanocrystals without high-temperature burning, there exist a

large number of hydroxyl groups, which are more conducive to water molecules,

organic solvents, or organic compounds compatible and to surface modification and

functionalization of nanocrystals. A modified sol�gel method, “precipita-

tion�condensation with nonaqueous ion exchange,” associating with a drying

method, “azeotropic drying of isoamyl acetate,” that is, in ethanol, a strongly basic

anion resin was used as an exchanger to remove by-product Cl2 and as a reactant

to provide OH2 for hydrolysis. The high-purity metal hydroxide tends to dehydrate

in an intermolecular manner with the assistance of super water-absorbable ethanol

to form crystal [6,7].

Metal oxide nanomaterials represent a growing asset in many industries, espe-

cially with their heightened chemical, physical, and electronic properties compared

with their bulk counterparts. Metal oxide nanomaterials are versatile materials that

can be used in applications such as environmental remediation, medical technology,
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energy, water treatment, and personal care products, with their applications pro-

jected to increase. Studies show that three to four consumer products are released

per week that may contain metal oxide nanomaterials. Becoming increasingly popu-

lar in their usage, exposure of metal oxide nanomaterials to people and the environ-

ment through occupational processes and consumer products is likely. Therefore it

is important to investigate how these nanomaterials affect human health and the

environment. The following sections will include an overview of the applications

and potential toxicity to humans, aquatic organisms, and terrestrial organisms of

several metal oxide nanomaterials, including two of the most widely used metal

oxides—nano-ZnO and nano-TiO2 [8�10].

9.2 Sol�gel method

As the heading implies, sol�gel processes involve both sol and gel components.

The sol is a colloidal suspension of nanometer-sized solid particles in a liquid

phase. When these particles attract one another, under the correct conditions, they

bond together forming a three-dimensional (3D) network called a gel. This contains

a continuous solid skeleton enclosing a continuous liquid phase [10,11]. If the smal-

lest dimension of the gel is greater than a few millimeters, the material is called a

monolith. If the gels have dimensions spanning from a few nanometers to a few

millimeters, they are called a particulate gel. Drying the gel by evaporation under

ambient pressure gives rise to capillary pressure that causes shrinkage of the net-

work, and the resulting materials are called xerogels. These are relatively dense

with low surface areas. In contrast, drying the gel under supercritical conditions

eliminates the interface between the liquid and vapor phases, and the resulting

materials are called aerogels. The first gel derived from a metal alkoxide was syn-

thesized, whereas the first aerogels were prepared. A typical aerogel comprises both

meso- (2�50 nm in diameter) and micropores (,2 nm in diameter). It exhibits a

large surface area of hundreds of square meters per gram and has extremely low

thermal conductivities and fascinating acoustic properties due to the porous struc-

ture. The high surface area of such metal oxide aerogels provides better properties

for applications such as catalysis and insulation [12]. This, in turn, helps compen-

sate for the relatively high capital cost and inconvenience of high-pressure opera-

tion. In addition, there are comprehensive textbooks available on the physics and

chemistry of sol�gel science [13,14]. Recent developments in sol�gel technology

are marked by the use of organic solvents or supercritical fluids (SCFs) for synthe-

sizing a variety of metal oxides. However, it should be noted that conventional

organic solvents are currently used by manufacturing and processing industries on a

scale of billions of kilograms per year. The fact that they play a significant role

in global environmental pollution and smog formation cannot be ignored.

Alternatively, since SCFs are considered to be environmentally benign, and ecologi-

cal credits are added to the sustainability of the sol�gel process, they offer a viable

alternative [15�17]. Another major advantage of using SCFs as reaction media for
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sol�gel reactions lies in the fact that the resulting materials are readily dried after

SCF venting. Such one-pot synthesis processes are attractive, as described later in

this review. In addition, sol�gel reaction kinetics can be fine-tuned using both pres-

sure and temperature, thus allowing some difficult sol�gel reactions to take place,

for example, hydrolysis and condensation of metal nitrates in simulated cooling

water (SWC). Finally, although materials prepared using conventional sol�gel reac-

tions are often amorphous (e.g., TiO2 and ZrO2), many crystalline metal oxides can

be readily prepared in high-temperature sol�gel SCF processes. This eliminates the

heat-treatment step and further simplifies the manufacturing process [18�22].

Fig. 9.1 shows the applications of sol�gel.

9.3 Microwave-assisted synthesis

Microwave-assisted synthesis of nanomaterials has been under development for last

three decades. With the technological advancements in the design of microwave

generators, the synthesis of nanomaterials is becoming more and more attractive.

Rapid heating in the reaction system can be achieved using microwave radiation

which enhances reaction rates and reduces reaction time. Hence, microwave radia-

tion has been used to reduce reaction time by enhancing reaction kinetics [23�25].

First publication in this area appeared where liquid phase synthesis of TiO2 micro-

sphere by the sol�gel process is reported using microwave heating in kerosene.

Around this period, there is explored microwave heating to carry out organic reac-

tions. Over the years the number of publications on the microwave-assisted synthe-

sis of nanomaterial and organic compounds has rapidly increased. Earlier, synthesis

of nanomaterial was carried out in a domestic microwave oven and it has no control

over temperature and pressure which leads uncertainty in the product quality.

Recently, microwave oven or reactors are well equipped with in situ measurement

Figure 9.1 Applications of sol�gel.
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of temperature and pressure with infrared sensors (IR) sensor. Online monitoring

reaction parameters such as temperature and pressure allow us to improve quality

of nanoparticles by manipulating reaction parameters. Microwave radiation can be

absorbed by the solvents having high dielectric constant and produces heat during

irradiation and causes uniform heating in a reaction mixture through dipole�dipole

interaction with the alternating electric field generated by microwave. This property

makes microwave energy more efficient for selective heating. This method requires

less energy and time to obtain nanoparticles compared to conventional heating

method. Conventional heating generates a thermal gradient in the reaction solution

in the absence of efficient mixing which can alter the local nucleation and growth

kinetics of nanomaterial and may result in poor quality of the product having signif-

icant variation in shape and size distribution [17,26]. Microwave heating induces

homogeneous heating that leads to uniform nucleation and growth kinetics in entire

solution and gives the better quality product, preferably under efficient mixing.

Details on the effect of power density, frequency, the penetration depth of micro-

wave and type of reactor material on the product quality will be elaborated sepa-

rately. Various metal oxides that have been synthesized using microwave-assisted

technique include ZnO, α-Fe2O3, β-Fe2O3, Fe3O4, CuO, Cu2O, Mn3O4, MnO2,

TiO2, and Co3O4. Iron oxides occur in different forms such as FeO, α-Fe2O3,

β-Fe2O3, γ-Fe2O3, ε-Fe2O3, and Fe3O4. Particularly, magnetic property and color of

iron oxides vary with uniformity in size, shape, crystal phase, and composition at

nanoscale dimensions [27�30].

Hematite (α-Fe2O3), maghemite (β-Fe2O3), and magnetite (Fe3O4) are exten-

sively investigated due to their applications in magnetic memory storage, catalysis,

and biomedical and pigment industry. Iron oxide nanoparticles show well-defined

properties when they are monodispersing in size and shape. Most of the synthesis

processes are driven by properties of solvent, namely, boiling point and polarity.

The synthesis of monodisperse spherical Fe3O4 nanoparticles has polydispersity

index that is 3% in ionic solvent using microwave-assisted method. According to

the LaMer theory, to obtain uniform size nanoparticles, instant nucleation is neces-

sary throughout the reaction solution and to achieve this, temperature gradient

should be eliminated throughout the reaction mass. Thus microwave heating mecha-

nism under efficient mixing eliminates thermal gradients in reaction system and

allows nuclei to grow homogeneously. These iron oxide nanoparticles were pre-

pared using ionic solvent [BMIM] [BF4] as cosolvent that acts as microwave

absorber and helps to induce uniform heating into the solution and maintains ther-

mal homogeneity by an ionic conduction mechanism that led to forming monodis-

perse nanoparticles. The influence of different glycols on iron oxide nanoparticles

prepared by microwave-assisted synthesis is prepared [31,32]. It shows that using

different glycols in reaction system affects the final phase of the iron oxide nano-

particles, as well as size or length of glycol is sensitive to particle size. Particles

prepared by ethylene glycol, polyethylene glycol, and polypropylene glycol in water

have crystal sizes 35, 29.9, and 28.2 nm for Fe3O4, α-Fe2O3, and γ-Fe2O3, respec-

tively. The synthesis of rose-like nanocrystalline Fe3O4 superstructures using ethyl-

ene glycol as a solvent by a rapid microwave-assisted approach is demonstrated.

193Chemical processes of metal oxide powders



Three-step mechanism was proposed for nano-rose formation. In first step, Fe3O4

nuclei formed by absorption of P123. In the second step the free P123 molecules

could selectively adsorb onto certain surfaces of neighboring Fe3O4 nanocrystal to

suppress their natural anisotropic growth. These small crystalline primary particles

aggregate and form interparticle porosity, resulting in the porous nature of the

Fe3O4 nano-roses. Effect of metal precursor decides morphology, size, and final

phase of nanoparticles due to anionic part of a metal complex which can act as

surface-stabilizing agent or surface etchant [33�37].

The effect of the precursor on the sizes of iron oxide nanoparticles is studied. Fe

(acac)2, Fe(ac)2, and Fe(acac)3 precursors were used for the preparation of 11, 7,

and 5 nm sized Fe3O4 nanoparticles, respectively, in benzyl alcohol. The Fe3O4/

Fe2O3 nanoparticles in water using FeCl3 and dextran at 100�C are synthesized.

Dextran serves as a surface-stabilizing agent and confined nucleation and growth of

nanoparticles in limited space that delivered a smaller size of Fe3O4 within 6.5 nm.

The synthesis of fluorescein-labeled extremely small size iron oxide nanoparticles

with 2.5 nm size using microwave in a single step is prepared, as a viable tool for

cell labeling and T1-MRI agent. In their method, they have functionalized the sur-

face of iron oxide nanoparticles with a carboxymethyl derivative of fluorescein iso-

thiocyanate�labeled dextran as an anchoring site for further biomodification and

fluorescence signal which acts as T1 contrasting agent. Lamellar nanostructures of

sodium/potassium iron oxide nanosheets were obtained by heating the suspension

of iron(II) sulfate, sodium thiosulfate, and sodium/potassium hydroxide in the

microwave for 5 minutes [38�42]. Nanosheets were observed after 1 minutes

microwave radiation and increase in reaction time up to 5 minutes gave bigger

sodium iron oxide nanosheets. These results showed a rapid increase in the growth

rate upon microwave irradiation. The synthesis of Fe3O4 and α-Fe2O3 nanoparticles

by a fast microwave-assisted solution method is reported. The elliptical α-Fe2O3

nanoparticles were formed following an oriented attachment mechanism. The hex-

agonal Fe3O4 nanoplates with an average edge length of 80 nm are synthesized by

microwave irradiation. Reaction time, microwave power, concentration of NaOH,

and additives such as citric acid, sodium acetate, and sodium hypophosphite were

used to tune morphology and size of iron oxide nanoparticles. Citric acid plays vital

role in the formation of plate-like Fe3O4 nanoparticles, which acts as capping agent

and shape-directing agent because it can form achelate with metal by carboxylate

group, whereas without surfactant, iron oxide formed aggregated and undefined

shape of nanoparticles [43�50].

ZnO nanoparticles have been an attractive candidate due to antibacterial, antifun-

gal, anticorrosive, and UV-filtering properties. Various structures of ZnO have been

prepared using the microwave and tested for multiple applications due to size- and

shape-dependent properties. The size tuning of monodisperse ZnO colloidal nano-

crystal clusters (CNCs) by a microwave polyol synthesis is measured. ZnO nanocrys-

tal cluster prepared from Zn(OOCCH3)2 � 2H2O in ethylene glycol by seed-mediated

mechanism, where the secondary structure of ZnO CNCs obtained from smaller ZnO

nuclei (7�8 nm) attached to each other to form nicely assemble spherical colloidal

nanocrystal. The ZnO nanocrystal in the presence of an ionic liquid [BMIM] [NTf2]
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by the microwave assisted method is prepared. The average size of ZnO nanopar-

ticles is 41.3 nm and it has been used in nanofluids for antibacterial material [51].

The shape-controlled growth of ZnO nano- and microstructures by microwave-

assisted synthesis is done. Different basic structures of ZnO, namely, nanorods,

nanocandles, nanoneedles, nanodisks, nanonuts, microstars, micro-unidentified

flying object (UFOs), and microballs, are reported at a low temperature (90�C)
with a low-power microwave-assisted heating and a subsequent aging process.

These nanostructures are obtained by changing the metal precursor, the capping

agents, and the aging times. Even more complicated ZnO structures, including

ZnO bulky stars, cakes, and jellyfishes, are also reported by microwave irradia-

tion to a mixture of the as-prepared basic ZnO structures. Evolution of variable

morphology is explained by preferential growth of particular plane and suppres-

sion of a specific plane. ZnO nanorods are obtained by preferential growth along

(0 0 0 1) plane that grows fast as compared to other planes. As reaction proceeds,

dissolution becomes dominant owning to reduction of concentration of growth

units [52].

Cobalt oxide is another important metal oxide that has played a significant role

in memory storage, electronics, and catalysis due to its superior magnetic properties

and surface properties [53�55]. The controlled Co3O4 synthesis achieved by micro-

wave hydrothermal synthesis using Co-MPA (3-mercaptopropionic acid) within

10 minutes is fulfilled. The shape of Co3O4 depends upon temperature. While the

low temperature favors spherical nanoparticles, high temperature favors cubic parti-

cles of 12�20 nm. However, the spherical Co3O4 nanoparticles have a size in the

range of 3�12 nm by fast microwave-assisted synthetic route using a surfactant tri-

octyl phosphine octane. Mesoporous Co3O4 nanoflakes prepared by the microwave-

assisted method and low-temperature conversion method are reported. It is observed

that the formation of Co3O4 gone through layered intermediate cobalt carbonate

hydroxide hydrate Co(CO3)0.5(OH)0.11H2O with interconnected architectures. The

synthesis of CoO using cobalt acetate in benzyl alcohol at 200�C in size range of

45�75 nm within a few seconds is prepared.

TiO2 nanoparticles attracted great attention because it has been used as pig-

ment in cosmetics, paints, food additives, and self-cleaning glass as it breaks

down dust in sunlight by photocatalysis. The TiO2 synthesis in a mixture of

alcohols (ethanol1 benzylalcohol) and obtained 5 and 7 nm nanocrystal by

microwave-assisted route is demonstrated. The average size of TiO2 is 295 nm

when ethyl alcohol is used as solvent. Here, randomly oriented aggregation results

in reduction of overall surface energy. Oriented aggregation is observed that is actu-

ally enabled by the rapid formation of nuclei and absence of a growth controlling

agent. In another report the hierarchical TiO2 nanocrystallite aggregates, composed

of 10 nm nanocrystallites, are synthesized, and with a size of 500 nm by a

microwave-assisted method at 150�C in a short time. Ethanol and TiCl4 are selected

as the solvent and titanium precursor, respectively. The rapid heating rate and

superheating “hot spots” of the reaction system under microwave irradiation result

in formation of larger number of nuclei instantly, which leads to the formation of

a lot of clusters. This implies that it is possible to use microwave for generating a
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large number of nuclei, which can be used subsequently for growing larger particles

[13,56�58].

9.4 Thermal decomposition

A chemical process in which metal precursor when heated above its decomposition

temperature in high-boiling solvent is known as thermal decomposition. Usually,

use of an aqueous and volatile solvent for metal oxide preparation suffers from

polydispersity, agglomeration, and poor crystallinity. Metal oxide nanoparticles

obtained by thermal decomposition do not need postsynthesis thermal treatment and

these nanoparticles are highly monocrystalline. Along with monocrystalline nature,

particles are monodispersing in size and shape [59]. Nucleation and growth rate of

metal oxide formation by thermal decomposition is very well understood and has

shown a good control over particle size and shape by slight changes in the reaction

parameters. Most of the metal oxide nanoparticles synthesized by this method use

organometallic precursors dissolved in an organic solvent and a surface-stabilizing

agent at a high temperature in an inert environment. During decomposition the pres-

ence of several reagents and their ionic forms actually lead to complex reactions.

The separation between nucleation and growth phases is shown by adjusting reac-

tion parameters and optimized synthesis to get tuneable-sized nanoparticles [60].

The shape of iron oxide nanoparticles can be controlled by the addition of small

amounts of gadolinium oleate (Gd-oleate) complex as surface passivation agent at

particular planes. Interestingly, the addition of Gd-oleate introduces shape change

in iron oxide nanoparticles from sphere to cube. This shape change has been

explained by DFT calculation which proved that Gd-oleate complex strongly binds

to (1 0 0) plane compared to (1 1 1) plane that reduces energy by surface passiv-

ation, which results in slow growth at (1 0 0) plane. On the other hand, iron oxide

nanoparticles grow along (1 1 1) plane and result into cube shape. The ultralarge-

scale synthesis of monodisperse metal oxide nanocrystal. Fe2O3, CoO, MnO,

FeO@Fe, and MnFe2O4 are synthesized using metal-oleate precursor in a high-

boiling solvent. Effect of boiling point of the solvent on the size of Fe2O3 nanopar-

ticles has been studied; 5 nm sized iron oxide nanoparticles were synthesized using

1-hexadecene (having boiling point 274�C) and trioctylamine (having boiling point

365�C) yields 22 nm iron oxide nanoparticles. The monodisperse MFe2O4 nanopar-

ticles (M5 Fe, Co, Mn) in phenyl ether (boiling point 258�C, 4 nm) and benzyl

ether (boiling point 298�C, 6 nm) are synthesized. With increasing reaction temper-

ature, particle size increases and results in much higher growth rates [61].

9.5 Solvothermal synthesis

The oldest techniques for the synthesis of metal oxides are solvothermal method.

The first application of this method can be dated back to 1845 when Schafhautl
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performed the first hydrothermal synthesis, which is a special type of solvothermal

synthesis where the solvent is water, and obtained quartz microcrystals. Chemical

process performed in closed vessels at above ambient pressure and temperature is

known as solvothermal process. During solvothermal method, reaction vessels or

autoclaves are operated in temperature range of 100�C�1000�C and pressure range

of 1�10,000 bar. Due to high pressure and temperature, interactions between reac-

tants are facilitated that gives single crystalline product. Products obtained with this

method are highly selective and reproducible in terms of purity, crystallinity, and

morphologies. Large-scale synthesis using this method is intricate due to high tem-

perature, high pressure, and prolonged reaction time. However, depending upon the

value of material, it can be adapted for scale up. It has shown transformation of iron

oxide into 0D�3D structure using hydrothermal approach. Time-dependent study

reveals nanocube formation of single crystalline α-Fe2O3 after 8 hours and it is

transformed into γ-Fe2O3 smaller nanoparticles due to deformation of nanocubes

after 10 hours [57,62]. Time-dependent TEM images show that nanocube obtained

from quantum dots of α-Fe2O3 capped with oleate and coordinated through oleyla-

mine that forms aggregates and transformed into nanocube due to equivalent growth

rate of (0 1 2), (1 1 2), and (1 0 2) planes. The monodisperse polyhedrons of iron

oxide nanoparticles without surfactants are prepared. In the course of formation, iron

oxide edges and corner got etched selectively due to higher surface energy at edges

and corner than (1 0 2) plane of octahedra under assistance of Cl2 and H1 ion. After

attaining equilibrium, unchanged truncated octahedra (700 nm) is observed. It has

shown synthesis of monocrystalline TiO2 in toluene in the presence of oleic acid as

surfactant at 250�C for 20 hours. Shape of anatase TiO2 nanoparticles can be tuned

from spherical to elongated dumbell shape�like nanorods either by increasing the

concentration of oleic acid with respect to titanium isopropoxide (TIP) or increasing

concentration of TIP in toluene. The hydrothermal synthesis of rutile TiO2 nanotubes

in NaOH water ethanol solution with 20 nm diameter and length up to several

microns is displayed. Despite the formation of rutile phase requiring higher tempera-

ture, with the help of hydrothermal process it is achieved at low temperature

(130�C). The monodisperse TiO2 nanoparticles and metal-ion-doped (such as Sn41,

Fe31, Co21, and Ni21) TiO2 nanocomposites by solvothermal reactions use lauryl

alcohol (LA) as solvent as well as surfactant. Size, shape, dispersibility, and compo-

nent of TiO2 nanoparticles are controlled through fine tuning of the reaction parame-

ter. When 6 mmol of LA was used, small aggregated particles were obtained. As

amount of LA increased to 21 and 75 mmol, nanorods with 25 and 50 nm in length

were formed, respectively. When NH4CO3 was introduced into the reaction mixture,

the morphology of TiO2 nanoparticles was seen to get changed. When 4 mmol of

NH4CO3 and 21 mmol of LA concentration were used, elongated particles were

obtained. On the other hand, the amount of NH4CO3 is more (25 mmol), so aggre-

gated spherical particles are observed. Decomposition of NH4CO3 provides H2O for

hydrolysis reaction, which helps for rapid nucleation and produces smaller TiO2 par-

ticles. In addition, LA serves as a hydrolyzing agent and also as a coordinating agent

to promote anisotropic growth. Solvothermal or hydrothermal method is being used

for preparation of monocrystalline metal oxide nanopowder [51,58,63].
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9.6 Evaporation�condensation technique

Evaporation�condensation allows one to obtain disordered mats of nanowires, cov-

ering the area of substrates with the catalyst. Fig. 9.2 (top) shows the field emission

scanning electron microscope (FE-SEM) images of NiO nanowires at different

magnifications, while middle and bottom parts of Fig. 9.1 report SnO2 nanowires

and ZnO nanowires, respectively. Nanowires were directly grown on the active sub-

strates used for functional characterization. It has been observed that the NiO nano-

wires were grown thin and long and they showed a dense morphology covering the

whole substrate. The diameters of these nanowires were found to lie in the range of

20�60 nm. The same holds for tin oxide nanowires, even if in this case nanowires

are distributed more uniformly on the substrates. ZnO nanowires exhibit a smaller

average diameter (20�50 nm), but they are also shorter and form a very dense mat

[14,64,65].

Figure 9.2 FE-SEM images of NiO nanowires at different magnifications (top), SnO2

nanowires (middle), and ZnO nanowires (bottom) [64]. FE-SEM, Field emission scanning

electron microscope.
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9.7 Thermal oxidation technique

Thermal oxidation of metallic tungsten films resulted in a disordered mats of tung-

sten oxide nanowires, covering all the patterned area of the substrates. Fig. 9.3

reports a SEM picture of the nanowires, at 50k magnification, highlighting the lack

of a preferred orientation on the substrate. The average diameter of the nanowires is

very small (20�30 nm), while the length is approximately 1�2 μm [66,67].

9.8 Hydrothermal technique

During the preparation of niobium oxide nanostructures using a hydrothermal tech-

nique, during the first experiments, we had adhesion problems of the metal layer to

the substrates. We changed the thickness of the film, working temperature, KOH

molarity, and time in order to find out the best conditions to synthetize niobium oxide

nanostructures directly onto the substrate. Once we achieved reproducible results,

nanostructures were investigated in terms of morphology, structural features, and

functional properties. By using SEM (LEO 1525), it was possible to verify the pres-

ence of the nanostructures on alumina substrates and show their morphology. During

the hydrothermal treatment, Nb2O5 nanoflowers were formed (Fig. 9.4) [68�71].

9.9 Atomic or molecular condensation

In one type of polymerization reaction, a series of condensation steps takes place,

whereby monomers or monomer chains add to each other to form longer chains.

This is termed “condensation polymerization,” or “step-growth polymerization,”

and occurs in such processes as the synthesis of polyesters or nylons. Nylon is a

Figure 9.3 SEM picture of WO3 nanowires on alumina substrate [66]. SEM, Scanning

electron microscopy.
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silky material used to make clothes made of repeating units linked by amide bonds

and is frequently referred to as polyamide. This reaction may be either a homopoly-

merization of a single monomer A�B with two different end groups that condense,

or a copolymerization of two comonomers A�A and B�B. Small molecules are

usually liberated in these condensation steps, unlike polyaddition reactions [64].

Additional carbon dioxide has helped trap additional heat being radiating off the

planet. Carbon dioxide, water vapor, and other greenhouse gases are adept at stop-

ping heat from leaving the atmosphere, causing the Earth to heat up. Some green-

house gases are beneficial—without them, Earth would be as cold as the moon—

but the recent increase in carbon dioxide has upset the precise balance between too

cold, too hot, and just right [70].

The atmosphere is further classified into multiple layers by temperature, which

includes the thermosphere, the mesosphere, the stratosphere, and the troposphere.

Both air pressure and density increase upon approaching the Earth’s surface. The

layer closest to the Earth, the troposphere, contains most of the water vapor and is

where weather occurs. The next layer, the stratosphere, contains an ozone layer that

results from the reaction of ionizing solar radiation with oxygen gas; this ozone layer

is responsible for the absorption of UV light. We have damaged our ozone layer by

putting chlorofluorocarbons (CFCs) into the atmosphere. The CFCs have damaged

ozone, resulting in a hole in the ozone layer. In recent years, CFCs have been banned

and the ozone layer hole is shrinking. Farther from the surface, the mesosphere, the

thermosphere, and then the exosphere make up the top layers of our atmosphere.

Planes typically fly in the stratosphere. The atmosphere performs a various beneficial

function for the inhabitants of the Earth, including absorbing UV radiation, heating

the Earth’s surface, and buffering temperature fluctuations [60,69,72].

9.10 Cryochemical synthesis

The most widespread of such methods are cryochemical synthesis techniques with

the use of aqueous solutions. In this case, solutions, suspensions, or products of

Figure 9.4 SEM images of Nb2O5 nanoflowers at 25k (left) and 75k (right) magnification

level [68]. SEM, Scanning electron microscopy.

From D. Zappa, A. Bertuna, E. Comini, N. Kaur, N. Poli, V. Sberveglieri, G. Sberveglieri.

Metal oxide nanostructures: preparation, characterization and functional applications as

chemical sensors, Beilstein J. Nanotechnol. 2017, 8, 1205�1217. https://doi.org/10.3762/

bjnano.8.122.
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chemical coprecipitation of initial solution components containing cations of the

synthesized material in a stoichiometric proportion are rapidly frozen and freeze

dried in vacuum, after which thermal decomposition follows. The products of this

synthesis are generally oxide powders with crystallite sizes of 40�300 nm whose

degree of agglomeration depends on the choice of substances frozen in the process

(solution/suspension/sludge). It is also possible to remove ice by low-temperature

extraction in polar organic solvents (cryoextraction) and coprecipitation of frozen

components in low-temperature precipitant solution (cryoprecipitation) [73]. When

applying catalysts on porous supports, it is advisable to use the cryoimpregnation

method, where substrates soaked with a solution of catalytically active components

undergo rapid freezing and freeze-drying. The use of low temperatures can signifi-

cantly increase the homogeneity of the micro-component distribution on the sub-

strate’s surface. According to some authors, cryochemical methods also include

low-temperature mechanochemical techniques, in particular, cryomilling [74].

Deposition of metal vapors on very cold surfaces in the presence of inert gases or

organic substances is an efficient method to produce nanoparticles of metals rang-

ing from 1 to 10 nm in size (see cryocondensation, cryochemistry).

9.11 Hydrothermal synthesis

The method is based on the ability of water and aqueous solutions to dilute at high

temperature (500�C) and pressure (10�80 MPa, sometimes up to 300 MPa) sub-

stances practically insoluble under normal conditions: some oxides, silicates, and

sulfides. The main parameters of hydrothermal synthesis, which define both the

processes kinetics and the properties of resulting products, are the initial pH of the

medium, the duration and temperature of synthesis, and the pressure in the system.

The synthesis is carried out in autoclaves that are sealed steel cylinders that can

withstand high temperatures and pressure for a long time. Nanopowders are nor-

mally produced by means of either high-temperature hydrolysis reactions of various

compounds directly in the autoclave or hydrothermal treatment of reaction products

at room temperature; the latter case is based on the sharp increase in the rate of

crystallization of many amorphous phases in hydrothermal conditions. In the first

case the autoclave is loaded with aqueous solution of precursor salts, in the second

case—with suspension of products derived from solution reactions flowing under

normal conditions. There is normally no need to use special equipment and main-

tain a temperature gradient [75].

Advantages of the hydrothermal synthesis method include the ability to synthe-

size crystals of substances that are unstable near the melting point, and the ability

to synthesize large crystals of high quality. Disadvantages are the high cost of

equipment and the inability to monitor crystals in the process of their growth.

Hydrothermal synthesis can be affected both under temperatures and pressures

below the critical point for a specific solvent above which differences between liq-

uid and vapor disappear, and under supercritical conditions. The solubility of many
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oxides in hydrothermal solutions of salts is much higher than in pure water; such

salts are called mineralizers. There is also a group of solvothermal synthesis

methods, relational to hydrothermal methods; this group of methods is based on

the use of organic solvents and supercritical CO2. Substantial enhancement of the

hydrothermal method facilitates the use of additional external factors to control

the reaction medium during the synthesis process. As of now, this approach is

implemented in the hydrothermal�microwave, hydrothermal�ultrasonic, hydro-

thermal�electrochemical, and hydrothermal�mechanochemical synthesis meth-

ods. One of the most widely known nanomaterials produced by the hydrothermal

method is synthetic zeolite. A necessary condition for their production is the presence

in the solution of some surface active agents that actively influence morphological

evolution of oxide compounds in hydrothermal solutions. The choice of synthesis

conditions and type of surfactants can ensure the production of targeted porous nano-

materials with given pore size controlled in a fairly wide range of values [76].

9.12 Coprecipitation methods

This involves dissolving a salt precursor (chloride, nitrate, etc.) in water (or other

solvent) to precipitate the oxo-hydroxide form with the help of a base. Very often,

control of size and chemical homogeneity in the case of mixed-metal oxides are dif-

ficult to achieve. However, the uses of surfactants, sonochemical methods, and

high-gravity reactive precipitation appear as novel and viable alternatives to opti-

mize the resulting solid morphological characteristics [77]. In the basic aqueous

solution the magnetic nanoparticles take place by the following reaction:

M21 1 2Fe31 1 8OH2MFe2O4 1 4H2O

where M can be salt. The type of salt used, the reaction temperature and pH value,

the ratio of salt, ionic strength of the solution affects the size, shape, and composi-

tion of magnetic nanoparticles.

Iida et al. [78] investigated the effect of iron salts, namely, sulfates and chlor-

ides, and the ratio of ferrous ions to ferric ions on the size and magnetic properties

of Fe3O4. The formation of larger particles (B37 nm) was observed with the use of

ferrous salts only compared with the particles with the size of approximately 9 nm

synthesized with both ferrous and ferric salts. The size of the Fe3O4 magnetic nano-

particles was mainly varied with the valence of the ions instead of the type of the

counter ion of the iron salt used in the synthesis. The saturation magnetization

values of the magnetic nanoparticles from ferrous sulfate and chloride were 86.6

and 81.0 emu/g, respectively, while that of nanoparticles synthesized with both fer-

rous and ferric sulfate and chloride, 46.7 and 55.4 emu/g, respectively. This reduc-

tion in saturation magnetization was explained as an effect of thermal fluctuation

that rises near the surface of the synthesized magnetic nanoparticles or due to the

much finer size of the particles.
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9.13 Microemulsion technique

Microemulsion or direct/inverse micelles represent an approach based on the forma-

tion of micro-/nano-reaction vessels under a ternary mixture containing water, a

surfactant, and oil. Metal precursors on water will proceed precipitation as oxo-

hydroxides within the aqueous droplets, typically leading to monodispersed materi-

als with size limited by the surfactant�hydroxide contact [79]. The surfactant in

this system reduces the interfacial tension between the water and oil phases by spe-

cific interactions of its polar or ionic part and its nonpolar hydrophobic part with

each phase, respectively, so that a transparent solution is established. Different

types of surfactants containing branched or straight hydrocarbon chain of 8�18 car-

bon atoms and hydrophilic part are used in water-in-oil microemulsions.

The size of the nanoparticles synthesized via microemulsion method can be con-

trolled by the size of water nanoreactors, which can be tuned by the water-to-

surfactant molar ratio. Size of the water nanoreactors, the micelles, has a linear

dependence on the water-to-surfactant molar ratio, W0, proposed by Pileni [80] as

expressed with the following equation:

Rw 5
3UVAQ

Ah

UW0 5KUW0

where VAQ is water molecule volume and Ah is area of the surfactant polar group. It

was also reported that it is necessary to use very low metal precursor concentrations

(1023 to 1024 M) to minimize the size of the particles in dispersed phase of the

microemulsion. Although the calculated and experimentally measured radii of the

nanoparticles agree at low precursor concentration up to 0.08 wt.%, radius differs

from the calculated value for the precursor concentration of 0.16 wt.%, indicating

the significant effect of precursor concentration on the microemulsion droplet size.

9.14 Template/surface derivatized methods

Template techniques are common to some of the previously mentioned methods and

use two types of tools; soft-templates (surfactants) and hard-templates (porous solids

as carbon or silica). Template- and surface-mediated nanoparticles precursors have

been used to synthesize self-assembly systems [53]. Gas�solid transformation meth-

ods with broad use in the context of ultrafine oxide powder synthesis are restricted to

chemical vapor deposition (CVD) and pulsed laser deposition (PLD) [81].

There are a number of CVD processes used for the formation of nanoparticles

among which we can highlight the classical (thermally activated/pydrolytic), meta-

lorganic, plasma-assisted, and photo CVD methodologies. The advantages of this

methodology consist of producing uniform, pure, and reproduce nanoparticles and

films although require a careful initial setting up of the experimental parameters

[82]. Furthermore, the CVD is a relatively uncomplicated and flexible technology,
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which can accommodate many variations, and the reaction process and reactor

design are simple as the reaction is easy to control and manipulate. Raw materials

are abundantly available in the form of gases. With the CVD, it is possible to coat

almost any shape of almost any size. Unlike other thin film, techniques such as

sputtering CVD can also be used to produce vertically aligned nanotubes, fibers,

monoliths, foams, and powders [83]. A typical CVD system has shown in Fig. 9.5.

Figure 9.5 Schematic of typical CVD process.

Figure 9.6 Schematic illustration PLD setup [85]. PLD, Pulsed laser deposition.
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PLD is a relatively recent technique providing a simple, versatile, and

contamination-free deposition of nanoparticles and thin films of various materials

especially suited for oxide growth [84]. In PLD, material vaporized from the target

using high-power pulsed laser beam is deposited on a substrate located opposite to

the target. The laser beam enters a high vacuum chamber, in which the target and

the substrate are located, through a window and is focused on the target of the

desired composition. Depending on the background gases, for example, O2 or Ar,

used during the process, composition of the deposited materials is controlled. A

schematic diagram of typical PLD setup is shown in Fig. 9.6.

9.15 Conclusion

A review of chemical methods and techniques was displayed. It was proved that the

metal oxide macro-, micro-, and nanostructures are interested due to multi-

application. Intensive studies were presented. Several method and techniques were

detailed such as sol�gel method, microwave-assisted synthesis, thermal decomposi-

tion, solvothermal synthesis, evaporation�condensation technique, thermal oxida-

tion technique, hydrothermal technique, atomic or molecular condensation,

cryochemical synthesis, hydrothermal synthesis, coprecipitation methods, microe-

mulsion technique and, surface-derivatized methods. It is expected that this chapter

will be benefitted for the community of science and technology.
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10.1 Metal oxides—Introduction

Metals available on the earth are not much stable, and they form metal oxides

mostly with unique functionalities and higher stability than pure metals. The metal

and oxygen ions play a key role to display various interesting properties for indus-

try purposes and also form the basis to develop various theories of condensed mat-

ter physics. Metal oxides are in general solid (powder) form with cation as metal

and anion as oxygen. These oxides, available as abundant compounds with large

variety of properties such as high stability, various crystal structures, phase transi-

tions, composition, physical, optical, electrical, and chemical with high strength, are

suitable for energy storage devices, gas sensors, memories, solid-state microbat-

teries, catalysts, transistors, electronic components, transducers, optoelectronic

devices, membrane reactors, and bioapplications. In general, the metal oxides are

brittle in nature at room temperature [1]. However, the electrical properties of these

oxides cover entire range from insulators to superconductors through semiconduc-

tors and conductors making them economically competitive. Even then, their use

has been largely confined to applications as insulating materials. The reason for this

might be their brittleness, crystalline transformation, and difficulty in maintaining

the desired oxygen levels in the compound. These crystalline transformations and

phase changes may be seen as a disadvantage, but at the same time they are of great

advantage because of an unexpected variety of properties that can be drawn from

the phase transformations made them useful in electrochromic photochromic, ther-

mochromic devices, microbatteries, etc. In addition to this, at certain pressure or

temperature the metal insulator transition takes place, which has drawn the attention

of researchers and became widespread research theme even before the high-

temperature superconductivity sprang onto the center stage. Due to the availability

of localized electrons, these oxides are frequently utilized as ferromagnetic and fer-

roelectric materials and also exhibit photo-and thermoelectric effects.

10.1.1 Classification of metal oxides

Based on the physical properties, metal oxides can be classified into two categories:

nontransition and transition [2,3].
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The filled valence band and empty conduction band are separated by a large

bandgap in nontransition metal oxides. Hence, in the ordinary conditions, they will

act as diamagnetic insulators. General examples of nontransition metal oxides are

magnesium oxide (MgO), silicon dioxide (SiO2), etc. At high temperatures the

intrinsic activation energy is higher than the energy required for the creation and

migration of defects; hence, ionic conduction is predominant than electronic

conduction.

In the case of transition metal oxides, they exhibit unusual electronic structure

based on the transition metal and how it bonds with oxygen [4,5]. They are enor-

mous and interesting group of solids exhibiting a wide variety of structural, optical,

electrical, and magnetic properties. They in turn can be broadly divided into two

classes:

1. Those in which the metal ion has a d0 electronic configuration

Examples: Vanadium pentoxide (V2O5), molybdenum trioxide (MoO3), tungsten triox-

ide (WO3), chromium trioxide (CrO3), zirconium dioxide (ZrO2), niobium oxide (Nb2O5),

and tantalum oxide (Ta2O5).

2. Those in which the d shell is partially filled

Examples: Molybdenum dioxide (MoO2), tungsten dioxide (WO2), osmium dioxide

(OsO2), titanium monoxide (TiO), niobium monoxide (NbO), chromium di oxide (CrO2),

rhenium dioxide (ReO2), ruthenium oxide (RuO2), rhodium oxide (RhO2), and rhenium

trioxide (ReO3).

Metal oxides with d0 cations at octahedral sites exhibit spontaneous ferroelectric

and antiferroelectric distortions. Many of them lose oxygen at high temperatures

becoming nonstoichiometric. Oxygen loss or insertion of electropositive metal

atoms into these oxides place electrons in the conduction band. The nature of elec-

tronic conduction in such materials depends on the strength of electron phonon cou-

pling and the width of the conduction band derived from metal d states.

Transition metal oxides containing partially filled d states show unusual interest-

ing properties and may behave as metallic or semiconducting [6]. In recent years

the field of metal oxides and powders as well as their composites, both in bulk and

thin film form, has become a subject of intensive study by the materials scientists

because of the novel characteristics and applications. This area gives a wide scope

to the researchers to explore challenging problems in theoretical and experimental

investigations [7�10]. In addition, one can also have challenges in protecting these

oxides from environment, that is, protection from heat and chemical reaction with

other environmental gases [11,12].

10.2 Necessity of protection coatings

The thin layer of material deposited on the surface of the metal oxide or any other

material serves to protect it from environment or any other exposure. In other

words, these coatings protect the materials and devices as a shield from degradation

of structures by creating a physical barrier in between the material and
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environment. Metals, nonmetals, and ceramics can be used as protective coatings.

In addition to the protection, sometimes these functional coatings are used to

change the surface properties of metal oxides such as morphology and structure.

Various methods have been employed to deposit a layer that will be necessary to

avoid corrosion, etc. Nowadays, the study of synthesis and characterization of vari-

ous metal oxides has assumed more importance owing to the fact that they are

increasingly being used in various industrial and scientific fields for device applica-

tions of the emerging technologies. Moreover, these oxides can be used in the

abovementioned applications either in bulk or thin film form, which increases the

surface-area-to-volume ratio. Metal oxide thin films or nano-form of metal oxide

powders are chosen to be used in various applications due to their significant

enhancement in chemical, physical, and electrical properties compared with the

bulk materials.

The thin film form of metal oxide, which can be synthesized by various chemical

and physical deposition technologies, is important to enhance their properties in

nanoscale region with widespread use in the fabrication and development of minia-

turized devices; hence, research in the fields of nanoscience and nanotechnology

have taken the center stage in Materials Science. The ability to develop various ver-

satile materials that exhibit various interesting properties with a small change in

composition or structure resulted in their extensive use in microoptoelectronic

devices, sensors, catalysis, energy storage devices, photonics, drug delivery, etc.

The metal oxide powders or thin films are very sensitive to environment especially

temperature. One of the methods a researcher can think of is to protect the films by

thermal barrier coatings. Due to these thermal barrier coatings, one can protect the

components from destruction even at high temperatures and these coatings can act

as insulators as well as oxidation-resistant layers. Hence, the efficiency of the sys-

tems and devices can be improved. In addition to this, thermal barrier also needs to

be resistant to corrosion when it is exposed to higher temperatures. For example,

AlTiN coating is used to increase the surface hardness, oxidation resistance, etc. A

few materials have the capacity of thermal absorption, which is needed for nuclear

fusion applications, and a few more materials are used for thermal conduction that

transfers heat to the surfaces evenly. Depending on the purpose of utilization in the

devices, one can select the material as well as deposition method to coat on the sur-

face of the metal oxide thin film. The thermal barrier coating materials especially

for protection applications need to have porous structure that changes with the ther-

mal expansion during heating and cooling process. In a few cases the phase stability

is also necessary or else cracks will damage the device.

Considering all these aspects, one can list down a few effective qualities of ther-

mal protective coatings for long service and sustainable to more number of cycles

as following:

1. The material should be chemically inert and thermally stable.

2. No phase changes in between the operating temperature and room temperature.

3. Metallic surface and the material should have same thermal expansion nature.

4. Protective material should be strongly adherent to the substrate.
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5. The material should have oxidation- and corrosion-resistant property.

6. The material should possess optimum range of hardness.

The typical structure of thermal protective coatings consists of four layers as

shown in Fig. 10.1.

The bottom layer is the metal substrate that is needed to be protected. The

oxidation-resistant metallic layer is serving as bond coat that is directly deposited

on the metal substrate with thickness of about 100 μm. Thermally grown oxide is

the next layer and on the top ceramic thermal barrier is coated. This layer produces

a high thermal gradient and retains the bottom layers at lower temperatures. The

degradations may occur in the coatings due to the voids and porosity of grown oxi-

des, open interfaces, failure in bond coats, etc.

The most widely used materials for protection coatings are mullite (compound of

alumina and silica), alumina, zirconates of rare earth metals (BaO �ZrO2, SrO �ZrO2,

etc.), yttria-stabilized zirconia, glass ceramics, metal glass composites (mixture of metal

and glass), etc. Thermal protection coatings (TPCs) are more useful in automotive

applications, gas turbines, diesel engines, and enhancing the bond strength.

This chapter attempts to give an idea about the importance of metal oxides and the

TPCs of the materials. It also aims to be helpful to the reader to estimate the role of mul-

tifunctional metal oxides in advanced technology and how one can protect these oxide

powders by using various coatings deposited by several techniques. In this context, it is

very important to know about the surface property of the layers of metal oxide powders

and how to control the properties with a discussion of protection coating technologies

especially with environment and in particular with temperature. The coatings with high

thermal stability, which protect the metal oxide powders, either in bulk, thin film, thick

film or nano-material form, from the temperature variance and help them to maintain the

properties, are known as TPCs or thermal barrier coatings. These coatings, in general

with advanced materials, are grown on the surfaces of the metallic and oxide powders

with appropriate thickness of 200 μm to 1 mm to insulate the components from large

Figure 10.1 Structure of thermal protective coating.
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heat. The materials used in thermal coatings should be stable and sustain a considerable

amount of heat. The protection coating thus may allow higher operating temperatures

without altering the composition, structure, oxidation states, fatigue strength, and thermal

stability of the component. As the world has more demand for high-efficiency engines at

higher temperatures, there is a significant need to develop new TPCs with better lifetime,

response, durability, cyclability, and less thickness. As the abovementioned qualities are

totally dependent on the physical, chemical, and electrical properties, which in turn

depend on the deposition technique to develop a thin film as a surface coating to protect

the oxide layer, it is important to discuss the various growth processes.

10.3 Various coating technologies

This section gives the details about the growth of protecting materials on the sur-

faces of metal oxides by various deposition techniques. The layers that protect the

metal oxide powders from various environmental changes and heat could be depos-

ited at various deposition parameters by using coating technologies.

Growth and structure are the key features for the thin protection coatings for

their utilization in devices, which basically depend on control of deposition para-

meters and deposition method utilized in the process. The thin film deposition tech-

niques may be extensively grouped into two categories based on how the atoms/

species/structural components are produced in the condensation process to get

deposited on the surface of the metal oxide powders and nano- or thin films. The

two main categories are chemical vapor deposition (CVD) and physical vapor depo-

sition (PVD) techniques that are clearly discussed in the following sections.

10.3.1 Chemical vapor deposition techniques

The CVD method is used to deposit thin and thick films with thickness ranging

from Angstroms to fraction of a millimeter with controlled structure.

In these methods the film composition depends on precursors and the stoichiom-

etry can be achieved by controlling the precursors and rate of deposition. The films

will be produced on the surface of the substrate due to the chemical reaction of

vapor-phase precursors. Since the growth of the film can be on any side based on

the attainment of gas precursor, this method can coat large surface areas, which

will be more useful in industries. CVD techniques are used to grow thin films at

normal atmospheric conditions. Organic, inorganic insulating films and semicon-

ductor films are deposited by this technique. Fig. 10.2 represents various CVD

methods used for TPCs. Out of various chemical deposition techniques few will be

discussed in detail in this chapter.

10.3.1.1 Sol�gel deposition method

Sol�gel technique is one of the oldest and popular chemical methods among che-

mists to prepare oxide material coatings. The advantage of this is synthesizing the
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nonmetallic inorganic materials, ceramics, glass ceramics, etc. and it can produce

large quantities of nano-materials, large areas of coatings at low cost. Moreover, by

using this technique, one can synthesize two or more materials simultaneously, one

upon another (three-dimensional objects) with high homogeneity and purity. The

schematic representation and various steps involved in sol�gel method is shown in

Fig. 10.3.

The precursor (starting material) in the form of metal alkoxides or metal chlor-

ides is dissolved in a suitable solvent to form solution called solution (sol). The

“sol” undergoes polycondensation or polyesterification to form gel by removal of

solvents. Calcination of the gel at higher temperatures about 1073K stabilizes the

gel. By using this method, one can easily get the porous structure that is very much

important for protection coatings. Thickness of coated film and structure can be

controlled by sol/gel transition.

Inorganic�organic hybrid coatings that are suitable for corrosion resistant was

explained by several authors. The amount of inhibitor has a limit to be incorporated

in the coating based on core material, further amount of inhibitor may lead to form

defects and reduction of barrier properties [14]. The coatings are used to repel

water, which forms dense films and reduces coating porosity. The film deposition

conditions are optimized for attaining maximum corrosion resistance. Hybrid coat-

ings for maximum anticorrosion of metals were proposed by Zhang and Li [15].

Strong chemical bond between organic and inorganic components improves

Figure 10.2 Categorization of CVD techniques. CVD, Chemical vapor deposition.
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anticorrosion property [16,17]. Superhydrophobic coatings are showing high resis-

tance to fouling [18�21].

10.3.1.2 Chemical vapor deposition

CVD, one of the well-known chemical methods, used in wide range of industries

for high temperature protection, erosion protection, and combinations of both. Here,

the film is deposited on the surface of the substrate through chemical reaction from

gas-phase or vapor-phase precursor. This technique needs activation energy.

Several gases are admitted into the vacuum chamber through inlet and after dissoci-

ation between the species, the newly formed chemical molecules are deposited on

the heated substrate as shown in Fig. 10.4.

The process of CVD can be covered in various processes such as atmospheric

pressure CVD, low-pressure CVD (when the pressure is less than ambient), laser

CVD, plasma-enhanced CVD (when plasma enhances the decomposition), photo-

chemical vapor deposition, chemical vapor infiltration, and chemical beam epitaxy.

The operating parameters, modes, and conditions can be selected based on the

base material and application. Technology was developed by researchers to form

thermal barrier coating with high operational parameters in CVD process [22]. To

deposit a material as thermal coatings, the mechanical, thermal properties and phase

stability such as melting point, thermal conductivity plays an important role

Figure 10.3 Process of sol�gel technique.

Source: From G.C. Righini, A. Chiappini, Glass optical waveguides: a review of fabrication

techniques, Opt. Eng. 53 (7) (2014) 071819 [13].
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[23�25]. High-temperature protective coatings are used for lightweight with high

specific strength materials such as carbon-reinforced Si C was reported by various

researchers [26�32].

10.3.1.3 Spray pyrolysis

In spray pyrolysis technique, precursor solution is sprayed in the form of narrow

mist by mixing it with a carrier gas. The narrow mist is deposited and condenses as

a thin film on a substrate that is heated to different temperatures as shown in

Fig. 10.5. This process is repeated for several cycles to obtain thin/thicker films of

different thickness. This method is used for different types of oxide materials. The

stoichiometry of films can be obtained by using different reactants and also by

altering the particle velocities.

Different modes of spraying can be adopted. In thermal spraying the materials

that are going to be sprayed as protection coating should be melt either with electri-

cal or chemical sources and directly sprayed on the surface of the material or metal

oxides. This method is preferably used for large-area applications with high thick-

ness, porosity, hardness, roughness, and bond strength. Wire flame spray and elec-

tric arc spray can be used to any metal that is in the form of a wire. Plasma

spraying is a widely used method, where the material to be deposited is in the form

of powder. A wire is introduced in the plasma jet, originating from a plasma torch.

As the temperature rises and at about 10,000K, the material turns to liquid and is

driven to the surface of the substrate. Atmospheric plasma spraying method is used

at high temperatures about 20K in which the powder is injected into plasma; hence,

the powder melts and accelerated, which builds up the coating on the substrate

[34,35]. Air and vacuum plasma sprays are also widely used techniques that yield

fine microstructure and hence improve the mechanical properties [36�38].

10.3.1.4 Dip coating

Dip coating is a technique of depositing uniform, high-quality thin film even on

bulky and complex shapes. The schematic representation of dip coating method is

shown in Fig. 10.6.

Pressure
gauge

Gas inlet
C2,H2,N2

Quartz tube

Gas outlet

Quartz boat
Heater

Heater

Substrate

Figure 10.4 Typical set up for CVD technique. Adapted from https://www.azonano.com/

article.aspx?ArticleID=3427. CVD, Chemical vapor deposition.
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In this technique the substrate is immersed in the solution of coating material for a

specific time and is withdrawn with a constant speed, which allows the thin film forma-

tion on the surface of the substrate. The withdrawal speed determines the thickness of

the film. The excess liquid will be drained, and solvent evaporates forming a thin film.

The structure and thickness of film depends on factors such as substrate surface immer-

sion time and withdrawal rate. Electrodeposition technique offers more homogeneous

coating than spray and dip coating methods. SiO2 when coated on aluminum substrate

by dip coating are of superior attention for protection of metals against oxidation and

acid corrosion at elevated temperature. Few of the samples need protective coatings at

temperature above 2600�C, which are useful in hypersonic flight vehicles [40�44].

10.3.1.5 Atomic layer deposition

Atomic layer deposition (ALD), one of the chemical methods, permits control on

deposition of film growth at the scale of atomic level and provides uniform deposi-

tion rate. This technique can deposit the various materials into thin film form from

vapor phase. Unlike in CVD, the gaseous chemical precursors are inserted sequen-

tially in a series of alternating pulses. In addition to this, precursor will not be pres-

ent all the time in the reactor. The individual gas species react at the surface of

substrate. During the process of deposition, the precursor is pulsed into the vacuum

chamber for chosen amount of time as shown in Fig. 10.7.

Figure 10.5 Model of spray pyrolysis.

Source: From M. Kamruzzaman, T.R. Luna, J. Podder, M.G.M. Anowar, Semicond. Sci.

Technol. 27 (3) (2012) 035017 [33].
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At each pulse the precursor molecules produce one monolayer on the substrate sur-

face in a self-controlled manner. The residues of precursors left in the chamber are

flushed out with noble gas. Then one layer of preferred material is created by purging

through introducing the pulse of counter reactant precursor. The procedure is repeated

till the required thickness is reached. The consumption of reactive sites terminates the

reaction on the surface. Thus the maximum amount of material deposited on the sur-

face after a single exposure to all the precursors can be estimated by the nature of

Figure 10.6 Representation of dip coating method.

Source: From F.D. Balacianu, R. Bartos, A.C. Nechifor, Organic�inorganic membrane

materials, UPB Sci. Bull., Ser. B: Chem. Mater. Sci. 71 (3) (2009) 37�54 [39].

Figure 10.7 Steps involved in ALD technique. ADL, Atomic layer deposition.
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interaction between the precursor and surface. It is possible to develop uniform layers

on large substrates and complex substrates by altering the number of cycles.

In addition to the abovementioned chemical techniques, PVD techniques are also

utilized to deposit TPC. Compared to the chemical methods, these have more stoi-

chiometry and exactly desired composition. Researchers significantly improve the

thermal, chemical, and mechanical stability of nanotube layers by depositing Al2O3,

etc. coatings by ALD process [45�47].

10.3.2 Physical vapor deposition

The selected material is vaporized and is condensed on the substrate to form a

desired thin film in the case of PVD, whereas in CVD techniques, thermal energy

heats the gases and the constituents of vapor phase react together and form solid

film. These PVD techniques involve either high-temperature evaporation or sputter-

ing and CVD techniques involve liquid phase and gaseous phase. Fig. 10.8 repre-

sents the categorization of various PVD techniques.

10.3.2.1 Steps involved in the process of physical vapor
deposition techniques

In general, all PVD methods require vacuum or reduced pressure ambient should be

maintained. In PVD methods the material is transferred to substrate in the atomic

Figure 10.8 Categorization of PVD techniques. PVD, Physical vapor deposition.
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level. In the process of deposition of thin films, PVD techniques have the following

steps shown in Fig. 10.9.

1. The depositing material is placed in the boat and is transformed into vapor phase initially

by evaporation. Various kinds of boats such as square boats, spiral boats, and basket boats

used for physical deposition techniques are shown in Fig. 10.10.

2. The vapor phase of the given material is transported to the substrate from source.

3. Finally, the vapor condenses on the substrate to form a film.

10.3.2.2 Merits of physical vapor deposition techniques

1. All inorganic materials and a few kinds of organic materials can be deposited.

2. Effective method to deposit multicomponent compounds for device applications.

3. Environmental-friendly and safer technique.

4. Effective method to improve the surface strength and durability.

5. To deposit a film, more than one technique can be used.

6. This method is able to deposit very dense films with unique properties.

7. The prepared films are defect free and well adherent.

A variety of deposition techniques such as thermal evaporation, pulsed laser

deposition (PLD), molecular beam epitaxy (MBE), plasma deposition, and DC and

radio-frequency (RF) magnetron are discussed in the following sections. Each tech-

nique has specific merits and demerits with respect to process specifications, sub-

strate materials, expected properties of thin films, and cost.

Source (material species
to be deposited)

Tansport
of material

species onto the substrate

Deposition
of material on the substrate

Evolution
of thin film structure Substrate

Condensation

Material

Source

Figure 10.9 Various steps involved in PVD process. PVD, Physical vapor deposition.
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10.3.2.3 Thermal evaporation

Thermal evaporation is one of the oldest techniques among PVD methods. It is still

widely used both in laboratory and industry. The schematic representation of ther-

mal evaporation is shown in Fig. 10.11.

It is a very simple and convenient technique in which the material is heated with

the help of a boat or any filament that is made of refractory materials with or with-

out ceramic coatings. In this technique, thermal energy is supplied by the

suitable method (such as resistance heating and high frequency) to source material

from which the atoms are evaporated for deposition. This vapor is transferred from

source to substrate through reduced pressure in the vacuum chamber and condenses

on the substrate to form thin solid film. The supporting boat can be chosen based

on the material to be deposited and the boat should not chemically react with the

evaporant. Few of the thermal evaporation sources are shown in Fig. 10.10. The

deposition rate and the properties of the grown films depend on the distance

between source and substrate, base vacuum, and substrate temperature. Most of the

ceramic materials can be used as TPCs deposited by this technique [48,49].

10.3.2.4 Pulsed laser deposition

PLD technique is a flexible, promising, simplest, and widely exploited method for

the preparation of metal oxide and complex metal oxide. This technique uses a

powerful pulsed laser to evaporate the target material in ultrahigh vacuum or in the

presence of gases such as oxygen. In reactive pulsed deposition the deposition is

carried out in the presence of chemically reactive gas, where the gas molecules

interact with the ablated material and deposit on the substrate. In this technique the

Figure 10.10 Different shapes of boat used in PVD techniques. PVD, Physical vapor

deposition.
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crystallization is achieved at low deposition temperatures than other PVD techni-

ques because the ionized species have high kinetic energy.

When laser beam interacts with source material and induces ablation, it can

cause rapid heating and cooling of the source material with very high temperature.

Hence, an instant evaporation is possible over small areas of the target. Power is

delivered in the form of high-power pulses creating flash evaporation condition,

which leads to an important advantage of congruent evaporation of compound

materials.

When the high-power laser radiation falls on the surface of a solid, it will be

absorbed only when the energy density is greater than the ablation threshold and

converted into electronic excitation and then into thermal energy to cause evapora-

tion, ablation, and excitation. The schematic diagram of PLD technique is shown in

Fig. 10.12. Alumina protection coatings, diamond carbon coatings by PLD tech-

nique were reported by several authors [50,51].

10.3.2.5 DC sputtering

DC sputtering is one of the powerful PVD techniques for both research and produc-

tion purposes in which the ejection of atoms from surface of the target material to

the substrate is carried out by bombarding with high energy particles. In cathodic

sputtering the ejection is due to the positive ion bombardment in the vacuum cham-

ber where the target and substrate are placed parallel to each other. Mostly the

Figure 10.11 Mechanism of thermal evaporation technique.
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conducting metals are used as targets and this technique is extensively used in semi-

conductor industry, decorative fields, nonreflective coatings, and protective coatings

for sensitive metal oxides.

Fig. 10.13 shows the process of DC sputtering that consists of one cathode for

which the negative voltage is applied (target electrode) and one anode (substrate)

that is generally grounded or biased.

Noble gases (argon) are used in the chamber as they do not interact with the tar-

get material. Initially, the chamber is at a pressure as high as 1 Torr and later after

the glow discharge is stabilized, the pressure can be maintained at about few hun-

dred mTorr. Positive ions in the discharge strike the cathode plate and discharge

neutral atoms. The rate of material sputtered, Q, under constant conditions is

inversely proportional to the gas pressure, p and anode�cathode distance, D. It can

also be accepted that the amount sputtered will be proportional to the positive ion

current, flowing to the cathode,

Q5
KVi

ρD1

where K is proportionality constant, which is a function of the voltage, V. However,

the rate of sputtering also depends on the sputtering yield (the number of atoms

ejected per incident ion), which in turn depends on the ion energy, mass of the ion,

target material, and target�substrate geometry.

Figure 10.12 Technical details of PLD system. PLD, Pulsed laser deposition.

Source: Courtesy of http://groups.ist.utl.pt/rschwarz/rschwarzgroup_files/PLD_files/PLD.htm.
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These sputtered particles stream in the plasma and strike the substrate and get

deposited on the substrate. Nowadays, the research extends to test the metallic and

ceramic coatings deposited on plastics by sputtering phenomena for their effective

utilization in personal protection equipment used by fire fighters [52]. The progress

in the technology of magnetron sputtering toward electromagnetic shielding, ther-

mal protection, bacterial resistance, hydrophilic and hydrophobic properties, struc-

tural color, etc. was explained by several authors [53,54].

10.3.2.6 Radio-frequency sputtering

A simple variation of the DC sputtering technique results in a solution of q funda-

mental faceted. In RF sputtering, alternating current (AC) is used to neutralize the

charge build up on the insulating plate as shown in Fig. 10.14.

When negative potential is applied to the target, it is bombarded by positive ions

and since the target is insulating, the positive charge keeps on building on the target

until it repels any further positive bombardment. Later during the positive half of

the cycle, it is bombarded by electrons and thus neutralizes the target. Frequencies

of 1 MHz or more are required for producing continuous discharge. For the flow of

AC at these frequencies to an insulating target is equivalent to a dielectric of a

series capacitor. Standard RF for industry allocated by international communication

authorities is 13.56 MHz, so that it does not interfere with communication.

Figure 10.13 DC sputtering process.
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The plasma impendence mainly depends on temperature, area, and pressure. RF

plasma impedance must be matched to the standard 50 Ω impedance of RF genera-

tor. Plasma impedance changes with the process conditions. (The plasma impedance

greatly depends upon the plate area, spacing, gas type, pressure, and temperature.)

Therefore an impedance matching network is needed so that load inside the cham-

ber appears as 50 Ω to the RF generator to ensure minimum power loss.

As the electrons are less massive than gas ions, they attain greater velocities due to

the application of practical RF voltage. Hence, electrons can accumulate on the sub-

strate, target, and also on the walls of the chamber. Hence, the plasma is the most effec-

tive positive potential in the system. The induced negative voltage accelerates the

positive ions toward negatively charged surface. RF sputter deposition basically depends

on the large difference in the mass of electrons and ions, which lead to change in mobil-

ity. The target is sputtered by controlling the relative surface area of the target and sub-

strate. The ion current flux, J, can be calculated by the Child�Langmuir equation.

The structural materials for aircraft engine blades [55] were made up of nickel-

based alloys that have to withstand to degradation process, fatigue, thermal stabil-

ity, and environmental corrosion. Studies are going on aeronautical nickel-based

alloys to improve the oxidation resistance by thermal barrier coatings of YSZ and

iridium coatings on carbon composites and graphite [56].

10.3.2.7 Molecular beam epitaxy

MBE is a technique, used to develop epitaxial structure of high quality under an

ultrahigh vacuum. The schematic diagram of MBE is shown in Fig. 10.15.

The substrates are specially cleaned after loading into the chamber by argon ion

bombardment followed by annealing. Due to this one can prevent the contamination

from the undesired oxides present on the surface of the substrate and annealing

Gas in

Anode

Substrate

Shutter

Inter electrode
spacing

Vacuum
chamber

Matching

Target

Plasma
RF

Power
supply

Figure 10.14 Schematic diagram of RF sputtering. RF, Radio-frequency.
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heals the damage of the substrates by the bombardment. In this method the source

materials for the films are especially from elemental sources.

The source of species is generally specially designed for evaporation to reduce

the interaction of material and the source as well as the desorption of vapors by the

source during functioning. This deposition system in a ultra high vacuum (UHV)

chamber is complemented by various analytical methods (mass spectrometer for

analyzing the vapor impinging to the substrate, refection high- and/or low-energy

electron diffraction, Auger electron spectroscopy (AES) and X-ray photoelectron

spectroscopy (XPS) analysis system, etc.). Even though, it has the conceptual sim-

plicity, a great technological effort is required to produce desired quality films with

high purity, uniformity, and interface control [57,58].

10.3.2.8 Flash evaporation method

Flash evaporation is one of the widely used PVD techniques to deposit stoichiomet-

ric semiconducting compounds and alloys. Fig. 10.16 represents the schematic dia-

gram of flash evaporation technique.

Alloys and intermetallic compounds consist of different melting points and when

resistively heated, the elements are deposited on the substrate based on their melt-

ing points. This problem can be rectified by this flash evaporation technique. In this

a fine powder of compound can fall on the heated boat by means of mechanical,

vibrating, or electromagnetic method. Hence, the instantaneous and complete evap-

oration of component elements take place irrespective of their melting point.

Figure 10.15 Schematic diagram of molecular beam epitaxy system.
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10.3.2.9 Electron beam evaporation

Electron beam evaporation technique is one of the PVD techniques in which the

electron beam given off by the hot tungsten filament is bombarded with the target

under high vacuum. The surface of the target is melted by the electron beam and

the atoms are evaporated. These atoms condense into solid thin film form on the

substrates [59�61]. It is used to evaporate a wide range of materials. In this tech-

nique a stream of electrons is thermionically generated from the filament and is

accelerated to attain high kinetic energy. These accelerated electrons are focused

onto the surface of the evaporant material loaded in a water-cooled copper/graphite

crucible. Usually, materials to be deposited are made into pellets/commercially

available material slugs and are taken into water-cooled copper crucible with a car-

bon liner. Due to the incidence of the electron beam on the evaporant surface,

which can be scanned over a limited area, the electrons lose their kinetic energy on

the surface mostly as heat and instantaneous evaporation takes place from the sur-

face of the material. Since a focused small area is only exposed, it avoids

the decomposition of the starting material to some extent and the reactions with the

crucible walls. As the material is in molten state only at the surface where the elec-

tron beam is focused and as the crucible is cooled, the evaporant material does not

contaminate and the film composition will almost be the same as that of the starting

material.

Figure 10.16 Schematic representation of flash evaporation.
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Temperatures exceeding 3000�C are obtainable and hence even materials with

high melting points can be evaporated by this technique. The temperature is high at

the surface where the beam is scanned, and the other part of the material remains

cool. High deposition rates can be made possible by controlling the current and

voltage of the electron beam. The typical electron beam evaporation system and its

working mechanism are shown in Fig. 10.17.

10.3.2.10 Ion plating technique

Ion plating could be a PVD method that is typically referred to as ion power�assisted

deposition or ion vapor deposition, which is one of the methods of vacuum deposition.

Primarily, the bombardment process is used to clean the substrate surface and then to

deposit film by atomic-sized energetic particles as shown in Fig. 10.18.

Throughout deposition the bombardment is employed, which has effect on the prop-

erties of the depositing film. To maintain atomically clean surface, it is vital that the

bombardment should be continuous between the cleaning and deposition parts.

10.4 Conclusion

Metal oxides have a wide range of properties and are very promising materials for

energy storage devices, gas sensors, memories, solid-state microbatteries, catalysts,

transistors, electronic components, transducers, optoelectronic devices, membrane

reactors, and bioapplications. TPCs act as barriers with respect to the degrading

Figure 10.17 Schematic diagram of electron beam evaporation technique.
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harsh environments for the engines, photovoltaic panels, solar cells, biomedical

coatings, gas turbines, industrial components, which are operated at higher tempera-

tures and corrosive environments. Continuous improvements will be needed in this

area to meet the challenges of enhancing the efficiency, lifetime, and cyclability of

device components. Efforts are being made in identifying the new materials and

compositions to enhance the performance by using different crystal structures and

atomic level simulations. This chapter dealt various CVD and PVD methods used

to deposit TPC on the oxide materials. The basic principle of the methods and rela-

tive merits are briefly discussed. The choice of the technique and deposition para-

meters depend largely on the component, structural stability of the overlayer, the

operating conditions, and the ease of employing the specific technique. The reader

should be familiar with all the techniques in order to exploit the best method for the

required application.
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11.1 Introduction and overview of metal oxides in
biomedical applications

Over the years, metal oxides have been studied in various applications [1]. Metal

oxides derived from the early transition metals exhibited a remarkable variety of

properties, including catalytic, electro-optic, dielectric, electromechanical, ferro-

electric, and wave density charging behavior [2]. These properties enable their use

in various reactions such as selective oxidation, dehydration, photocatalysis, and

electrocatalysis. Due to their distinctive physicochemical properties, a good deal of

research has also been directed toward utilizing metal oxide materials in biomedical

applications [3]. It has been reported that certain metal oxides can interact with the

surfaces of a carrier to develop oxides’ monolayer structures for drug delivery [3].

Magnetic metal oxide nanoparticles (NPs) are of great interest in medical research

because they can be manipulated with an external magnetic field [4]. In particular,

superparamagnetic iron oxides have attracted huge interest in targeted therapeutics

and diagnostics. The physicochemical properties of these metal oxide NPs are cor-

related to their size and shapes [3]. Some of them are biocompatible and chemically

stable [5]. It was reported that certain metal oxide NPs can kill cancer cells at low

dose and remain nontoxic to normal cells [6]. Recent discoveries have opened a

new boundary for biomedical applications of metal oxide NPs in retinopathy, bio-

logical sensors, and cancer treatment [7].

11.2 Structural diversity and its relationship to the
properties of the metal oxides

Metal oxides come in various shapes and sizes. These properties strongly correlate

with their method of synthesis. Metal oxide NPs range in size from 1 to 100 nm

(1 nm is equal to 1029 m). Compared to their micro- or bulk-sized counterparts,

metal oxide NPs have various distinct features [5]. These NPs can enter the cell

membrane, internal cellular organelles, and may even cross the blood�brain barrier.
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Metal oxide NPs can interact with proteins to form protein corona, where layers of

proteins are wrapping the NPs. The formation of protein corona can influence the

biodistribution and transport of the metal oxide NPs [3]. Metal oxide NPs with a

diameter of less than 20 nm are more efficient to cross the cell membrane. Small-

sized NPs can penetrate bacterial cells and release toxic metal ions by dissolution

[3]. The key factors that contribute to the distinct properties of metal oxides are sur-

face area and quantum effects. Metal oxide NPs have a greater surface area per unit

mass compared to their bulk-sized counterparts. As the surface area increases, the

properties of the metal oxides will be affected. Quantum effects involve the number

of atoms within the metal oxides that are constantly in motion. An increase in sur-

face area will lead to an increase in the surface atoms that are constantly in motion

and eventually affect the optical, electrical, and magnetic properties of metal oxide

NPs [8]. Taken together, these factors can improve the properties of metal oxides in

terms of reactivity, strength, and electrical properties. Hence, they must be consid-

ered when creating metal oxide nanostructures and nanosystems with new proper-

ties and functions.

11.3 Important considerations and challenges for the
use of metal oxides in biomedical applications

An important aspect for the safe and effective use of metal oxides in biomedical

applications is toxicity. Some studies have shown that metal NPs are toxic to

human. The toxicity is depended on the size and surface load of metal NPs [9]. It is

necessary to identify any potential health risks associated with these metal oxide

NPs. With regards to potential genotoxicity, it is important to investigate on the

subtle cellular alterations in DNA (deoxyribonucleic acid) damage and oxidative

stress on human tissues. The other important consideration for metal oxides being

used for implants is their chemical inertness. Iron oxide (Fe2O3), zinc oxide (ZnO),

titanium oxide (TiO2) are the most commonly used metal oxides in biomedical

applications. The NP of these metal oxides can be synthesized and modified with

appropriate functional groups that allow them to bind with drugs, antibodies, and

ligands of interest. The functionalization of metal oxides can be facilitated by non-

covalent interactions (coordination or hydrogen bonding) between the ligands and

the surface metal ions or hydroxyl groups [5]. Ideally, the metal oxide NPs should

have the following features for biomedical applications: (1) chemically stable, (2)

resistance to wear and scratch, (3) biocompatible, and (4) nontoxic. The stability of

metal oxides is strongly correlated to the heat of formation of metal oxides [10,11].

A stable metal oxide does not easily dissociate to metal ion. Today the use of metal

oxides has reached to an internationally recognized standard. For example, zirco-

nium dioxide (zirconia, ZrO2) biomaterials must be prepared in accordance with the

international standard of reference ISO 13356 (zirconia). These international stan-

dards specify the requirements and corresponding test methods for biocompatible

metal oxide materials for medical uses [1].
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There are several challenges in the production of metal oxides, among those are

difficulty in scale up and high cost of production. For metal oxides to be used in

magnetic resonance imaging (MRI), it is difficult to increase the production yields

while optimizing the magnetic properties, surface coating, mean hydrodynamic

size, and aggregation state of these materials [12]. For metal oxide NPs to be used

as drug carriers, it is a big challenge to determine their drug-loading capacity. This

is because part of the drugs is released before reaching the target cells due to

unstable interaction between the drug molecules and the metal oxide NPs [13]. The

bioavailability and biocompatibility of metal oxides are important to avoid agglom-

eration in physiological condition and remain intact in the tissue for enough time to

elicit a desired response. The metal oxides should be removed before stimulating

undesired side effects in the body [14]. In order for the metal oxide NPs to be freely

circulated in blood, it requires a well-tailored design of the surface coating and

hydrodynamic size of the metal oxide NPs. Taken together, these considerations are

important for creating a useful metal oxide material in biomedical applications [15].

11.4 General synthesis of metal oxides and highlight on
the biological synthesis of metal oxides

Numerous manufacturing techniques are available for synthesizing metal oxides,

that is, chemical, physical, and biology methods [16]. Chemical method is the

recurrent synthesis pathway for metal oxides because the raw materials are com-

mercially available. Examples of the chemical methods include mechanochemical

process, surfactant precipitation, sol�gel method, solvo-thermal, hydrothermal, and

emulsion methods. Chemical method is cost-effective and easier to scale up when

compared to the biological method. It offers flexibility to control the size and shape

of the metal oxide NPs [16]. Details of the chemical synthesis method are covered

in Chapter 3, Synthesis and preparation of metal oxide powders. Chapter 9,

Chemical processes of metal oxide powders, covers the physical synthesis methods

of metal oxides.

Biological method has been considered as a green synthetic method because

of its simplicity and environmental friendliness. Metal oxide NPs such as CuO,

TiO2, ZnO, and iron oxides have recently been biologically synthesized using

bacteria, fungi, and plant. Some bacteria have the capability to synthesize metal

oxide NPs via reduction process. For example, thermophilic bacteria showed the

ability to reduce amorphous Fe (III)-oxyhydroxide to magnetic iron oxide NP

[17]. A simple step to synthesize zinc oxide NPs was reported using bacterium,

Aeromonas hydrophila [18]. X-ray diffraction confirmed the crystalline nature of

the zinc oxide NPs. The morphology of the NP was found to be spherical with an

average size of 57.72 nm [18]. Biosynthesis of titanium dioxide NPs has been

reported by using Bacillus subtilis. The morphological characteristics of the tita-

nium dioxide NPs were found to be spherical and oval, with their sizes ranging

between 66 and 77 nm [19].
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Bacteria are extraordinarily skilled engineers of metal oxide NPs. However, the

biosynthetic process on how to produce metal oxides in nano size is poorly under-

stood. The main reason is because the enzymes involved in this biosynthesis pro-

cess are largely uncharacterized. A recent study revealed that the structure of a

bacterial enzyme is responsible for the biosynthesis of manganese oxide NPs [20].

This structural information provides a better understanding of the biosynthesis of

manganese oxides. Although biological synthesis is known to produce less toxic

metal oxide NPs, it requires fastidious cell cultivation and hence is difficult in con-

trolling the size, shape, and crystallinity [9].

Compared to bacteria, fungi can synthesize larger amounts of metal oxide NPs.

This is because fungi have high intracellular metal absorption capacity and a large

number of enzymes are produced per biomass unit [21]. TiO2 NPs have been syn-

thesized using fungal spores of Aspergillus flavus TFR7 [21]. Zinc oxide NPs have

been synthesized using Aspergillus terreus [21]. Fungal spores of Fusarium oxy-

sporum has been used for the synthesis of barium titanate (BaTiO3) and bismuth

oxide (Bi2O3) [21]. NPs produced by different fungal species have different sizes

and shapes. However, the time required to produce metal oxide NPs by fungi is a

major disadvantage compared to the chemical methods. The intracellular synthesis

of fungi has also led to difficult downstream processing and often fails to develop a

simple and cheap process [21].

The synthesis of metal oxide NPs using plant extract is an alternative to the

chemical methods. Compared with the latter, the plant extract-mediated biosynthe-

sis of metal oxides is more environmental friendly [11]. It helps to reduce the for-

mation of toxic by-products and also contributes to the fine-tuning of the size of

NPs. Extracts from Camellia sinensis (green tea) have been used to synthesize

spherical- and irregular cluster�shaped iron oxide NPs [21]. Zinc oxide NPs have

been synthesized using leaf extracts of Coriandrum sativum, Calotropis gigantea,

Acalypha indica, Hibiscus rosa-sinensis, and C. sinensis [21]. Titanum oxide NPs

have been synthesized using extracts of Jatropha curcas and Eclipta prostrata [21].

Copper oxide NPs have been produced by leaf extracts of Malva sylvestris and Aloe

barbadensis Miller [21]. The carbohydrates, proteins, and phytochemicals present

in plant extracts are considered to play an important role in the production of metal

oxide NPs. However, other factors, such as the phytochemical concentration, metal

salt concentration, pH, temperature, and reaction time, are also known to affect the

rate of NP production, quantity, and quality [21].

11.5 Commonly used metal oxides in biomedical
applications

11.5.1 Iron oxides

Iron oxide NPs represent one of the most important classes of inorganic materials.

Superparamagnetic iron oxide NPs (SPIONs) have been the most extensively
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studied inorganic materials for imaging, drug delivery, and hyperthermia therapy.

They are nontoxic, biodegradable, biocompatible, and efficiently cleared from

the human body via the iron metabolism pathways. Ferumoxytol (one of the Fe3O4

NPs) has been approved as an iron supplement by the Food and Drug

Administration (FDA). Other iron oxide NPs have been used in preclinical and clin-

ical settings such as contract agents for MRI and drug carriers. Heike et al. revealed

the intrinsic therapeutic effect of iron oxide NPs on tumors [22]. Tumor cells trea-

ted with iron oxide NPs have a slower growth rate than that of control [23]. Iron

oxide NPs have also been found to possess an intrinsic enzyme mimetic activity

like that of natural peroxidases, which oxidize organic substrates [24].

Iron oxide NPs are classified according to their sizes. They can be superpara-

magnetic or ferromagnetic. The terms are referred to the magnetic properties of

iron oxide NPs. Superparamagnetic iron oxides have strong magnetic response to

externally applied magnetic field [23]. However, these iron oxide NPs will not

aggregate when the external magnetic field is removed. For this reason, they are

suitable for the imaging of tumors and metastases. Another feature of SPION is

their ability to induce local heating in tumor regions. Magnetic hyperthermia is

known as an alternative treatment for cancer. When subject to external magnetic

field, the iron oxide NPs will generate heat that can damage and kill cancer cells.

The localized hyperthermia can also trigger the release of a loaded drug. Iron oxide

NPs have been increasingly investigated as chemotherapeutic drug delivery vehicles

[16]. The potential of using iron oxide NPs as a drug delivery system depends on

its ability to target specific locations in the body.

11.5.2 Zinc oxide

Zinc oxide (ZnO) is another type of metal oxide NPs that have shown promising

outcomes and broad applications [25]. This is due to the unique properties of ZnO

such as biocompatibility, high selectivity, and ease of synthesis. These properties

are determined by their size, shape, composition, crystallinity, and morphology of

ZnO [26]. The cytotoxicity of ZnO correlates with its biocompatibility in cells

[25]. ZnO exhibits promising antiproliferative activity against A549 lung cancer

cells in vitro [27]. The selectivity of ZnO NPs against cancerous cells can be

improved by introducing a surface coating and minimizing the hydrodynamic size

of ZnO [24].

ZnO has been listed as a safe material by the FDA. It is nontoxic and can be

used as a food additive or preservative. ZnO NPs have been proven to possess good

antimicrobial properties [28]. Ngoepe et al. reported that ZnO NPs were effective

against both Gram-positive and Gram-negative bacteria [27]. The results showed

that the efficacy of these ZnO NPs varies with the size and surface area of the NPs

[28]. ZnO NPs also have excellent anticorrosion properties and may suitable for use

in medical implants. Ananth et al. reported that ZnO is a suitable material for bone

repair and regeneration [29]. When used in combination with manganese-

substituted hydroxyapatite (Mn-HAp), the resulting Mn-HAp/ZnO bilayer

coating on stainless steels (type 316L SS) is suitable for orthopedic applications.
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In addition, the Mn-HAp/ZnO coating on 316L SS implants shows high cell attach-

ment and proliferation. The porous structured layer of coating offers enhanced bio-

activity due to surface roughness, which leads to increased surface energy [29].

11.5.3 Titanium oxide

Titanium oxide (titania) NPs have generated great interest due to its chemical sta-

bility and low toxicity. Titanium oxide NPs are not toxic in vitro and in vivo. Due

to these properties, titania is suitable for use in medical implants. A special engi-

neered titanium oxide NP with controlled porosity and composition is ideal for pro-

tein adsorption and improves tissue attachment of implants. Deposition of these

titanium oxide NPs as a film on medical implants facilitates bonding of the implant

to the surrounding tissue. The bone-bonding feature of titania is correlated to the

existence of surface hydroxyl groups, which can be enhanced by incorporating dop-

ing agents such as Ca, Mg, and F into titania [30]. Titanium oxide NPs have been

shown to possess promising antibacterial, antifungal, and anticancer activities. NPs

of titanium dioxide have been incorporated into various polymer patches. These

patches have been shown a good antibacterial activity against Gram-positive and

Gram-negative bacteria [31]. Decoration of curcumin in titanium oxide NPs was

effective in wound healing [32]. Interestingly, incorporation of titanium oxide and

curcumin in polymer patches has shown a good antibacterial activity against Gram-

positive and Gram-negative bacteria [32].

11.5.4 Other metal oxides used in biomedical applications

Cerium oxide (ceria) NPs have attracted much attention as a useful biomaterial

because of their ability to selectively induce irradiated cancer cells death, while pro-

tecting the surrounding tissue from damage caused by irradiation. These metal

oxide NPs selectively induce oxidative stress in irradiated cancer cells without

affecting normal cells [33]. Zirconium dioxide (zirconia, ZrO2) is another promising

metal oxide for biomedical implant. Zirconia is inert under physiological condi-

tions. NPs made of ZrO2 have excellent wear resistant and hardness. ZrO2 NPs are

more stable than their bulk-sized counterparts [34]. These properties allow it to be

used as implant material for dental prosthetic surgery and total knee replacement

[35]. Recently, composites made of zirconia and alumina have been introduced into

the market [35].

11.6 Biomedical application of metal oxides

The properties of metal oxides have attracted considerable interest in biomedical

research. Examples of biomedical application of metal oxides are drug delivery,

implant, theranostic, cancer therapy, antimicrobial, and wound healing.
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11.6.1 Drug delivery and theranostic applications

Drug delivery systems are designed to deliver therapeutic agents to the target

sites in human body. Cerium oxide, zinc oxide, and SPIONs have been used as a

carrier to deliver doxorubicin (DOX), tamoxifen, quercetin, rhodium (II) citrate,

gallic acid, etc. The drugs are loaded in a way that does not compromise the func-

tionality of the drug and it can be unloaded from the metal oxides upon triggered

by stimuli [36].

Theranostics is a new area of medicine that combines specific targeted therapy

with diagnostic tests. Theranostics uses specific biomarkers in the human body to

obtain diagnostic images and provide the patient with a therapeutic dose of radia-

tion [37]. Current research trends are directed toward combining drug delivery sys-

tems with different imaging contrast agents for tumor imaging, and monitoring of

the delivery and efficacy of therapeutics. Recent advances in nanomedicine technol-

ogies have made it possible for the development of a single agent with combined

targeted therapeutics and diagnostic functionality. Zinc oxide NPs have been uti-

lized for this purpose. A summary of theranostic application in cancer using zinc

oxide NPs is shown in Table 11.1.

SPION is another popular theranostic agent. The application of SPION as a con-

trast agent for MRI has been approved by the FDA. The SPION�drug conjugate

can be magnetically guided to the desired tissues by using external magnets. Active

targeting strategy has been used by conjugating targeting ligands on the surface of

metal oxide NPs. This strategy is more effective in killing cancer cells than drugs

alone because the metal oxide�drug complexes are more efficiently targeted

toward the cancer cells. A study has reported that DOX-loaded SPIONs were more

efficiently taken up by DOX-resistant breast cancer cells (1 μM DOX-resistant

MCF-7) compared with free drug, thereby increasing the efficacy of the drug [39].

This approach leads to reduced doses of medicines and lower side effects [39].

11.6.2 Cancer therapy

An interesting feature about SPIONs is their thermal property. SPION can be used

to induce local heating in tumor regions when suitably activated by an external

magnetic field. The localized hyperthermia (temperature above 40�C) can subse-

quently trigger the release of a loaded drug or to cause cancer cell death by

temperature-induced apoptosis [38]. However, the drawback is difficult to guide the

SPION to the target site due to the drag of blood flow. SPION targeting is more

effective in the regions of slower blood velocity, particularly when the magnetic

field source is close to the target site [38].

Titanium dioxide (TiO2) NPs have been used to kill cancer cells [33]. TiO2 NPs

have been found to be engulfed into the cell membrane and cytoplasm of cancerous

cells. When these NPs are exposed to ultraviolet (UV) light, they generated cyto-

toxic radical oxygen species (ROS) that induced apoptosis. A major challenge in

this approach is the direct illumination of tissues by UV light. Vinardell and

Mitjans, Shrestha et al. showed that TiO2 NPs can be mixed with SPIONs and thus
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be magnetically guided to the target sites [33]. TiO2 NPs can remain in the body

for a long time without imposing any toxicity [40].

Cerium oxide NPs have been shown as a valuable tool to supplement classical che-

motherapeutics, such as DOX, and protect against DOX-induced cytotoxicity [33].

Table 11.1 Application of ZnO nanoparticles (NPs) as theranostic agents in cancer [38].

Type of ZnO

nanocarriera
Drugb Stimulic Type of cell/animal usedd

ZnO QDs DOX � MCF-7

ZnO QDs DOX pH MCF-7R, MCF-7S

ZnO QDs DOX pH MDA-MB-231, HeLa, NCI/

ADR-RES, MES-SA/Dx5

ZnO QDs DOX pH, ultrasounds �
FA Mg ZnO QDs DOX pH HeLa

FA hollow ZnO

NPs

Paclitaxel pH MCF-7, MDA-MB-231, nude

mice

FA ZnO

nanosheets

DOX pH, heat MDA-MB-231, HBL-100, mice

ZnO nanorod � UV radiation SMMC-7721

Lanthanide�ZnO

QDs

� UV, X-ray,

γ-ray
radiation

HeLa, PC3

ZnO nanorod DOX UV radiation SMMC-7721

ZnO QDs Paclitaxel,

cisplatin

UVA

irradiation

HNSCC

MUC1 aptamer

S2.2. ZnO QDs

DOX UV radiation MCF-7

Gd-polymer�ZnO

QDs

DOX pH BxPC-3, tumor-bearing nude

mice

ZnO nanorod � UV radiation SMMC-7721

aZnO QDs: Zinc oxide quantum dots; FA: folic acid; QDs: quantum dots; MUC1: membrane glycoprotein that is
highly expressed in most breast cancers; Aptamer S2.2.: (5-COOH-GCA-GTT-GAT-CCT-TTG-GAT-ACC-
CTGGTTTTT-FAM-3?); SiO2: silica; NCs: nanocrystals; MABG: TiO2@ZnO�GO: ZnO-coated mesoporous
titanium oxide QDs containing graphene oxide; Fe3O4@ZnO@mGd2O3:Eu@P(NIPAm-co-MAA): iron oxide QDs
coated with ZnO and mesoporous Gd2O3:Eu shells with a polymer poly[(N-isopropylacrylamide)-co-(methacrylic
acid)] [P(NIPAm-co-MAA)] to gate the mesoporous; K8(RGD)2 cationic peptide containing 2 RGD sequences;
β-CD-Fe3O4@ZnO: Er31, Yb31: β-cyclodextrins functionalized iron oxide QDs doped with Er31 and Yb31 coated
with ZnO; ZnO MSNs: mesoporous silica NPs with ZnO QDs as cap of the pores; UCNPs@mSiO2-ZnO: lanthanide-
doped upconverting NPs with a mesoporous silica layer and ZnO QDs as gatekeeper; ZnO-pSiO2-GSSG NPs: ZnO
QDs as cups of oxidized glutathione (GSSG) amino-functionalized silica NPs; L-pSiO2/Cys/ZnO NPs: lemon like
silica NPs with cysteine and ZnO QDs cups; MCNs: mesoporous carbon nanoparticles.
bDOX: Doxorubicin; Cur: curcumin; VP-16: chemotherapeutic drug etoposide; CPT: camptothecin.
cUV: Ultraviolet.
dMCF-7: Human breast cancer cell; MCF-7S/MCF-7R: human breast cancer cell sensitive/resistant to doxorubicin;
MDA-MB-231: epithelial, human breast cancer cell; HeLa: human epithelial cells from a fatal cervical carcinoma;
NCI/ADR-RES: ovarian tumor cell; MES-SA/Dx5: multidrug-resistant human sarcoma cell; HBL-100: human,
Caucasian, breast cancer cell; SMMC-7721: human hepatocarcinoma cell; PC3: human prostate cancer cell; HNSCC:
head and neck squamous cell carcinoma; BxPC-3: human pancreatic cancer cell; HEK 293T: human embryonic
kidney cells; Caco-2: human epithelial colorectal adenocarcinoma cell; HepG2: human liver cancer cell; A549:
adenocarcinomic human alveolar basal epithelial cell.
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Cerium oxide NPs have been shown to protect cells from ROS-induced damage.

It was hypothesized that the selective toxicity of cerium oxide NPs to cancer cells is

due to their catalase mimetic activity in acidic environments (pH 4.3). Cerium oxide

NPs can act as radio-sensitizing agents by means of an additional biological mecha-

nism to control the response to DNA damage. In radiation therapy, cerium oxide can

selectively induce the death of irradiated cancer cells, at the same time protecting the

surrounding tissue from radiation-induced damage and oxidative stress. A recent study

has compared the cytotoxic effect of cerium oxide NPs against cancerous and normal

cells [33]. The result showed that cerium oxide NPs were cytotoxic to cancerous cells

but not normal cells [33].

Cerium oxide can exist in two oxidation states: Ce31 or Ce41, which may be

interchanged under redox environment. Ce31 ions are associated with oxygen

vacancies. A reduction in particle size of cerium oxides results in the formation of

Ce31. This property allows ceria to be used as an excellent free radical scavenge

agent. They are nontoxic to the healthy cells. Cerium oxide NPs are also nongeno-

toxic. Due to its radio-sensitizing property, cerium oxide can control the response

to DNA damage. The mode of action of cerium oxide is strongly dependent on the

size and cell type. Besides that, in vivo studies with immunodeficient nude xeno-

grafted mice have shown a decrease in tumor weight and volume after treatment

with cerium oxide [9].

11.6.3 Implants

Bacterial adhesion and multiplication in biomedical implant are traumatic for

patients. Infected implants may lead to bone resorption and has to be removed.

Research has been directed toward the application of antimicrobial coating on

implants that act independently or synergistically with the administered antibiotic

to limit bacterial infection. Factors such as biocompatibility, antiinfective effi-

ciency, durability, and resistance to mechanical stress were considered for their suit-

ability to be used in antibacterial coating. Titania is often used in biomedical

implants. Implants coated with titania have an excellent biocompatible surface for

cell attachment and proliferation. TiO2 NPs with different sizes and shapes have

been produced to serve for this purpose [41]. Alumina (Al2O3), ZnO, and CuO NPs

have also been shown to be suitable coating material for the prevention of infection

in medical implant [9]. Fig. 11.1 shows the most important antimicrobial bone

implant properties.

11.6.4 Antibacterial treatment and wound healing

Metal oxide NPs have been shown to exhibit antimicrobial activity at low concentra-

tion. Vijaykumar et al. reported that ZnO nano-powders have a lower minimum

inhibitory and bactericidal concentration compared to that of zinc acetate. The ZnO

nano-powders are also effective against a panel of Gram-positive and Gram-negative

bacteria [42]. Azam et al. investigated the antimicrobial activity of ZnO, CuO,

and Fe2O3 NPs against various Gram-positive and Gram-negative bacteria [42].
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They found that ZnO is more effective against Gram-positive bacterial strains

than Gram-negative bacterial strains. The size of ZnO NPs greatly influences the effi-

cacy of bacterial growth inhibition. A decrease in particle size increases the surface-

to-volume ratio, which leads to the inhibition of bacterial growth. It was reported

that the ZnO NPs facilitated the production of reactive oxygen species that kill

bacteria [42].

Wound healing is a research area that aims to speed up the recovery of a wound

and reduce the risk of infection. Zinc oxide NPs have been used in wound healing

due to their excellent antibacterial and antifungal activities. Incorporation of ZnO

NPs into wound dressing materials is found to improve the wound healing process.

Studies have shown that ZnO NPs with size of less than 100 nm are more effective

against bacteria. They are also less toxic to normal cells (MG-63, HDF) in vitro

[43]. It was reported that leaching of Zn ions from the ZnO NPs facilitated kerati-

nocytes migration and promoted epithelialization [41]. Enhanced antibacterial activ-

ity has been observed when ZnO NPs were introduced into hydrogel-based wound

dressings. However, ZnO NPs may induce toxicity to human cells when the concen-

tration exceeding 8 μg/mL [43].

Titanium oxide NPs have also been found to be effective in wound healing.

When titanium oxide NPs were UV irradiated, the titanium ions were released and

subsequently inhibited microbial proliferation and accelerated wound healing. In

addition, the photocatalytic property of TiO2 can lead to the formation of reactive

oxygen species (ROS, i.e., superoxide anion and hydroxy radicals). These ROS

Figure 11.1 Multifunctional surfaces of an implant.

Adapted from: L.D. Duceac, S. Straticiuc, E. Hanganu, L. Stafie, G. Calin, S.L. Gavrilescu,

Preventing bacterial infections using metal oxides nanocoatings on bone implant, IOP Conf.

Ser. Mater. Sci. Eng. 209 (1) (2017).
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oxidizes the lipids and cell membrane of the bacteria. TiO2 NPs could also induce

DNA chain breakage [44]. However, dermal application of TiO2 NP has been lim-

ited to the stratum corneum layer due to the weak penetration of UV light.

Titanium is also known to cause skin irritation.

11.7 Toxicology of metal oxides

Recent studies on the toxicology of metal oxides have identified various mechan-

isms of toxicity, namely, oxidative stress, genotoxicity, cytotoxicity, and inflam-

mation [45]. Factors that contribute to the toxicity of metal oxides are size,

shapes, solubility, and exposure routes of the metal oxide NPs. The size and

shape of SPION NPs have a different outcome in cellular toxicity (Fig. 11.2)

[43]. SPIONs with size less than 100 nm can enter cells by receptor-mediated

endocytosis while size less than 35 nm can pass the blood�brain barrier [43].

ZnO and TiO2 NPs show varying degrees of cytotoxic effects that are not

observed with their bulk-sized counterparts. Many metal oxide NPs can soluble

within acidic compartment in the cell. The metal ions that are produced during

the dissolution may destabilize phagolysosomes and cause inflammation.

Therefore evaluation of in vivo toxicity of these metal oxide NPs is required

prior to biomedical use. In addition, the biodistribution of these nanomaterials in

the body should be identified.

Figure 11.2 Cellular toxicity induced by SPION. SPION, Superparamagnetic iron oxide

nanoparticle.

Adapted from: N. Singh, G.J.S. Jenkins, R. Asadi, S.H. Doak, Potential toxicity of

superparamagnetic iron oxide nanoparticles (SPION), Nano Rev.1 (1) (2010) 5358 [46].
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11.7.1 Oxidative stress

Oxidative stress is defined as an imbalance between the production of free radicals

and antioxidants in the body. Free radicals are oxygen-containing molecules with

an unpaired number of electrons. Reactions of the free radicals with other biomole-

cules trigger a long chain reaction in the body. This process is called oxidation and

it can either be beneficial or harmful. As most of metal oxides are in nano size and

have large surface area, their interactions with enzymes and proteins within the

mammalian cells are closer. These metal oxide NPs can generate ROS, which may

lead to the destruction of mitochondrion and cell death [41]. Prabhakar et al. [47]

investigated the oxidative stress induced after oral treatment with high doses of

Al2O3 NPs and bulk Al2O3 in Wistar rats. Both sizes of these nanomaterials

induced significant oxidative stress in a dose-dependent manner.

Zinc oxide NPs have been shown to possess the ability to generate ROS upon

UV irradiation [48]. The resulting reactive oxygen species will accumulate and

finally lead to oxidative stress [49]. When the level of ROS increased, the cell

membranes were damaged as a result of lipid peroxidation and protein denaturation.

The damage of cell membranes may lead to cell death by necrosis and cause DNA

alteration [50]. The presence of OH radical can cause single-stranded DNA break-

age by forming 8-hydroxy-2-deoxyguanosine DNA adduct [49]. Fig. 11.3 shows a

hypothetical cell death pathway induced by ZnO NPs. Despite the concern on the

toxicity, there are commercial products (sunscreens and cosmetics) already in use

that contain ZnO NPs [51].

ZnO NPs

Elevate ROS
production

Zn mediated protein activity
disequilibrium

Oxidative stress

DNA damage

Activation of p53 gene:
apoptosis

Cytotoxicity (cell death)

Necrosis

Membrane permeabilization

Figure 11.3 A hypothetical cell death pathway induced by ZnO nanoparticles. ZnO, Zinc

oxide.

Adapted from: D.B Preetha Bhadra, S.M Biplab Dutta, Comparative Study of the Zno and

Zno Coated with Sio2 As Potential Antimicrobial and Anticancer Drugs. Bioscience

Biotechnology Research Communications (Official Journal of Society for Science & Nature),

2019, volume 12.
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11.7.2 Cytotoxicity

Like any other chemicals, metal oxide NPs are potentially toxic to human. The

cytotoxicity of metal oxide NPs is often evaluated by treating them in mammalian

cells. Evaluation of the cytotoxicity in animals is limited due to economical and

ethical reasons. One of the major attributes of cytotoxicity is the produced by these

metal oxide NPs. Fig. 11.4 illustrates a possible mechanism of action for cancer

cell death induced by ZnO NPs. It is hypothesized that ZnO NPs are engulfed by

the cell through pinocytosis and phagocytosis by endosomes and lysosomes. As the

internal cellular pH decreases, the dissolution rate of ZnO NPs increases rapidly,

leading to lysosome destabilization [52]. At low pH (pH 4.7), zinc ions are released

and cascading zinc-dependent protein activity disequilibrium. At the same time, the

ROS is released as a result of internalization of ZnO NPs into the cell. Elevation of

ROS production leads to cell death [49].

Jeng and Swanson (2006) reported a cytotoxic study on different metal oxides.

They found that Al2O3 was moderately toxic compared to Fe3O4 and TiO2 when

tested at 200 μg/mL [41]. Interestingly, CrO3 displayed no toxicity at the tested

Figure 11.4 The mechanism of the cytotoxicity of ZnO NPs. NP, Nanoparticle; ZnO, zinc

oxide.

Adapted from: Cenchao Shen, Simon A. James, Martin D. de Jonge, Terence W. Turney, Paul

F. A. Wright, and Bryce N. Feltis, Relating Cytotoxicity, Zinc Ions, and Reactive Oxygen in

ZnO Nanoparticle�Exposed Human Immune Cells, Toxicological Sciences, 136 (1) (2013)

120�130.
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concentration. They suggested that mitochondrial dysfunction and cellular mem-

brane damage are the reasons of cell death in this study [41].

11.7.3 Genotoxicity

Genotoxicity refers to the ability of a chemical agent to damage the genetic infor-

mation within a cell, which may lead to cancer [53]. Chang et al. [54] reported that

ZnO NP may bind to a protein and cause a major structural change of the resulting

ZnO NP�bonded protein. Often, these materials in nano size are able to interact

directly with the DNA [55]. The NPs can diffuse through the nuclear pore easily.

They may get access to the nuclei when the nuclear membrane is dissolved during

mitosis. The presence of metal oxide NPs in proximal perinuclear region may halt

the cellular transcription and translation machinery. In addition, metal ions that are

released after cellular internalization may cause cytoplasmic mRNA degradation by

interacting with mRNA stabilizing proteins. The metal oxide NPs are also able to

interact with cellular signal molecules that can lead to signaling cascade activation

[54]. A study reported that CuO NPs caused DNA damage (single-strand breaks)

and cell death [56]. Hanagata et al. [59] used DNA microarray to perform gene

expression analysis in CuO NPs treated A549 cells. The results showed that CuO

NPs upregulated the expression of 648 genes and downregulated the expression of

562 genes. Importantly, CuO NPs upregulated the genes involved in DNA damage

and apoptosis (e.g., Hsp70, p53, Rad51, and MSH2). They also showed that CuO

NPs (average size: 23 nm) induced dose-dependent (5�15 μg/mL) cytotoxicity,

DNA damage (comet assay), and micronuclei induction in A549 cells [56]. DNA

damage was observed in mice following a high dose exposure of TiO2 NPs. Higher

amount of 8-oxodG levels was found in liver compared with controls [57].

11.7.4 Inflammation

Inflammatory response occurs when tissues are injured by heat, bacterial infection,

toxin, or other xenobiotics. Inflammatory response may also occur due to accumula-

tion of ROS. Oxidative stress may induce inflammatory response by activating the

nuclear factor-kappa B signaling pathway that controls the transcription of proin-

flammatory genes such as IL-1β, IL-8, and tumor necrosis factor-α as shown in

Fig. 11.5 [58].

Huang et al. [58] reported that titanium oxide NPs can induce immune response.

In their study, treatment of TiO2 NP on the human autologous modular immune

in vitro construct increased the level of proinflammatory cytokines that concurrently

increase maturation and expression of costimulatory molecules on dendritic cells.

The titanium oxide NPs are more capable of inducing proliferation of naive CD4-T

cells in comparison with micrometer-sized (. 1 μm) TiO2 [58]. Intratracheal instil-

lation of rats with CuO NPs has resulted in severely cytotoxic inflammation and

increased levels of inflammatory markers (i.e., lactate dehydrogenase). They com-

pared the toxicity of CuO NPs as well as Cu ions in vitro and in vivo and found

that CuO NPs caused eosinophilia, an effect not observed for the Cu ions.
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11.8 Conclusion

Due to their distinctive properties, metal oxide NPs are gaining extensive use in

biomedical applications such as diagnostic agents, drug delivery, and medical

implants. This chapter has described the recent applications of metal oxide NPs in

biomedical fields and presented with examples. The distinctive properties of metal

oxide NPs are derived from their nano size. Larger sizes of these metal oxides do

not have such distinctive properties. Although the uses of metal oxide NPs have

been well reported, studies of the toxicology and bioavailability of metal oxide NPs

are still limited. Among all metal oxides, SPION has been found safe to be utilized

by human. However, as particle size decreases, some metal oxides may display

Figure 11.5 A model shows the simplified NF-κB signaling pathway that is activated by

oxidative stress. Persistent activation leads to chronic inflammation. NF-κB, Nuclear
factor-kappa B.

Adapted from: J. Yu, W. Zhang, S. Ghasaban, M. Atai, M. Imani, R.K. Matharu, et al.,

Enhanced bioactivity of ZnO nanoparticles—an antimicrobial study, (111) (2008) 0�7.
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increased toxicity compared to the same material in its bulk form. With respect to

the production of metal oxide NPs, the biggest challenge remain is to modify these

NPs to suit their biomedical applications by shape, size, and surface modification,

while keeping them biocompatible and nontoxic. Nevertheless, there is a great

potential for metal oxide NPs to be used widely in biomedical applications.
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12.1 Introduction: importance of energy technologies
in our life

The energy system tries to meet people’s needs and requirements for different facili-

ties such as transportation, cooking, lighting, making of comfortable indoor environ-

ment, refrigerated storage, communication, security, education, accommodation, and

health sectors. Humans are only interested in energy facilities, not in energy. In recent

years, technological advances in energy have significantly contributed to our every-

day lives and procedures. All living organisms need solar energy for their growth.

Energy is the primary source of life, but at night, organisms and humans use alterna-

tives to solar energy. Most of the machines can operate by using energy, and the best

example is fuel-powered cars. Electricity is used daily to operate various machines

for heating, cooling, lighting, and others. Energy is generally divided into two parts:

renewable and nonrenewable; and the majority of energy used in our daily lives

come from fossil fuels such as oil, coal, and natural gas [1]. Uranium is another non-

renewable source used in nuclear power plants. The use of these natural resources

causes them to run out of land. In addition, the use of such fuels is harmful to plants

and animals [2] due to fuel emissions such as carbon monoxide and sulfur dioxide,

which can contribute to acid rain and global warming. Renewable energy sources can

be used repeatedly, which include solar, wind, geothermal, biomass, and hydropower.

They produce much less pollution, but it is believed that oil will remain one of the

most important sources of energy and resources [3]. Important is to balance power

generation with demand because electrical energy cannot be stored and that constant

balance has significant financial and operational costs. Although it is not possible to

store energy in the form of electricity, it can be converted to another form, which can

be saved. The stored energy can then be converted into electricity, and there is a

wide range of ways in which energy can be saved. These include chemical energy

(battery), kinetic energy (flywheel or compressed air), potential gravitational energy
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(hydroelectric pump), and energy in the form of electric capacitors and magnetic

fields [4]. From an electrical system perspective, energy storage methods act as loads

during energy storage (e.g., while charging the battery) and power sources, when

power is returned to the system (e.g., during battery discharge). Advances in storage

space technology and the need for electric current allow energy storage to be an

essential component of the future electric power system [5]. Some companies have a

growing interest in energy storage for several things:

� The need to respond quickly to the increase in demand for electric power.
� The need to integrate renewable energy sources into the energy system [6�9].
� The need to invest in demand-driven energy distribution and distribution systems.
� The need to provide critical network support services for an efficient and reliable operat-

ing network. Increased demand for high-quality and reliable power supplies due to

increased use of power supply systems, information, communication, and electronic

devices are highly sensitive to changing energy intake [10].

12.2 Fuel cells and metal oxides powder technology

Demand for clean energy in the world is increasing as a result of technological

advances, especially clean energy and low cost. This progress has been paralleled

with the development of materials science and technology to meet the performance

requirements of new energy modular systems [11]. Fuel cells are highly efficient,

flexible, and efficient energy production devices. These unique characteristics have

been fundamentally differentiated from the traditional thermal cells of fuel cells for

power generation and thus have been the focus of world attention over the past few

decades. In this book, the summary, features, application, and design of solid oxide

fuel cells, SOFCs, are reviewed briefly. It can generate electricity more efficiently

than conventional pair drive. This application undoubtedly became a catalyst for the

pursuit of fuel cells as highly efficient potential energy devices in the 20th century

[12�15]. If the 19th century was the era of curious fuel cells, the 20th century was,

of course, the era of fuel cells under intensive research and development and market-

ing efforts. The conceptual SOFC was probably first introduced in 1937 by Swiss

scientists, Bauer and Hans of ceramics, using zirconia as an electrolyte, Fe3O4 as a

cathode, and C as a clear anode, when the problem of the instability of electronic

materials and the propagation of the gas phase were prevailing [16,17]. However, the

most focused and systematic research on SOFC began after the pioneering work of

the German scientist, Karl Wagner, in 1943, who first realized the presence of oxy-

gen vacancies in mixed oxides such as drug ZrOO2 and attributed the observed elec-

trical conductivity at high temperatures to the movement of these oxygen vacancies.

In 1957, Kiukkola and Wagner He published another research paper describing ther-

modynamic research cells with a focus on solid electrolytes, which laid the theoreti-

cal foundations of SOFC solid-state photochemistry. A few years later, two scientists,

Joseph Weissbar and Roswell Rocca, of Westinghouse Electric in 1961 reported a

solid-state device in the first year based on a measurement of oxygen concentration

in the gas phase at the concentration of cells 12, which subsequently patented the
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“solid fuel cell electrolyte.” Released in 1962, based on these initial efforts, a group

of Westinghouse engineers developed and tested the first “up-and-pin” tubular stack

from 1962 to 1963. This development eventually became one of the main compo-

nents of the supported SOFC—electronically and less tubular developed by

Westinghouse/Siemens. For the same time, there were also developments in the spe-

cial electrode materials for SOFC. Notable progress has been observed in the devel-

opment of cathode materials. It began with noble metals such as platinum and the

transition to the psychedelic In2O3 [14] and finally settled on modern stainless

LaMnO3 [18�20].

Evolution of cathode materials occurred clearly due to capacity requirement,

namely, the ability to effectively activate the oxygen crimped process. Unique elec-

trical and catalytic properties, which have rare earth transition metal oxides of a

perovskite cathode, are better to satisfy the requirement [21�23]. However, the

requirement to balance the thermal expansion between the cathode and electrolyte

narrowed the practical application of cathode materials for alloy LaMnO3 SOFC

based on ZrO2-electrolyte. Another significant material developed in 1969 was

doped perovskite LaCrO3 that was stable in oxidizing and decreasing atmospheres

[15]. It was directly found and used as interconnects in SOFC [24,25].

12.3 Applications of SOFC

Based on the unique pros mentioned above, the significant SOFC distributed appli-

cation techniques, stationary power generation [26]. According to the capacity of

the SOFC generator, it might be divided into the four categories:

� Housing. SOFC is manufactured to supply a power to houses with a rate 1�10 kW. Hot

water, house heating, and cooling can also be provided as a byproduct. Net efficiency is

expected to be more than 35%.
� Commercial. SOFC is aimed at supplying power to small factories or a hospital. Nominal

power usually ranges from 100 to 1000 kW. Quality of energy can also be delivered as a

byproduct. Net efficiency is expected to be more than 45% [27,28].
� Industrial growth. SOFC generators can be directed to supply larger industrial unit or a small

community with a power of 2�10 MW. Net efficiency is expected to be more than 48%.
� The largest system. SOFC generator has a nominal capacity of 100 MW. In such a tech-

nique, generating electricity is the ultimate aim. Thus, the system is a hybrid design

SOFC choice. Natural gas and coal gas obtained can be used as fuel. Efficiency is

expected to be more than 60% [29�31].

12.4 Solar cells and metal oxides powder technology

In recent years, the sun has gone from the major residential tablets in backpacks

and pockets, allowing anyone to have their own source of energy generated regard-

less of where they are contributing to the stability and individual freedom at all

times. Sunny window, concentrating mirror panel, which dissolves in water, printed
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panels, spray on solar energy, solar roll, and a variety of portable solar chargers of

various sizes and destinations are only a small coverage in the field of intelligent

and innovative ideas that are changing the global energy landscape [31�33].

The conversion of sunlight into clean energy without the negative byproducts

from traditional sources, solar energy is the technology of our present and our future,

making the world post-fossil fuels possible. Solar energy is inexhaustible, safe and

saves money in the long run; it produces little or no waste to diversify our energy

supply. Providing personal energy independently, it gives the average person the free-

dom of hope and dependence on external sources. Using the unlimited possibilities of

a stable and constant source of energy ensures the reliability and convenience of the

modern lifestyle demands. When used at home or stored in batteries or solar power

recharge stations for later use, it serves our need to be constantly connected [33�37].

12.5 Metal oxides powder technology

Gas sensors based on metal oxides are currently one of the most experimental sens-

ing groups [38]. It has attracted a lot of attention in the field of gas sensing due to

low cost, weather conditions, flexibility in production, ease of use, and a large num-

ber of gases detected/possible applications. A variation in the conductivity of gas

sensor materials specifies that the reaction can be carried out by evaluating the con-

tainer, work, mass, or optical properties of the reaction energy emitted by the gas/

solid reaction [39]. After a review of the metal oxide gas sensors, this section

focuses on the conduct of metric oxide semiconductor gas sensors (particularly,

conductive surface metal oxide). Many researchers have shown a reverse reaction

with the gas surface. Materials are the superior behavior of semiconductor metal

oxide gas sensors [40]. The reaction may depend on many factors, including inter-

nal and external factors, such as surface area, the properties of natural base materi-

als, surface additives, microscopic structure of sensitive layers, humidity, and

temperature [41�43]. As one of the key factors of gas sensors, attention sensitivity

draws more and more efforts to improve the sensitivity of gas sensors. There is no

standard definition of gas sensor sensitivity at this time. Typically, sensitivity (S),

R/Rg for gas reduction, or Rg/Ra for oxidizing gases can be determined, where Ra is

the gas-resistant reference gas (usually air) and Rg is the resistance of the reference

gas containing the gases target. Both Ra and Rg have a great relationship with the

surface of the reaction (s). Although there are many opinions in this area, to our

knowledge, there were no special reviews of factors influencing allergies [44�50].

For factors related to the properties of gas-sensitive metal oxides, detect the metal

oxide gas sensor in the sensor mechanism. The basic mechanisms that cause the

reactions gas are still unknown, and it is a controversial issue among researchers,

but they actually absorb electrons of capture molecules on the tapes and the curva-

ture of these charged molecules responsible for the change in conductivity.

Negative charge trapped in these types of oxygen produces the upward curvature of

the tape, thus reducing the conductivity compared to laying the flat tape. The field

of electronically depleted space charge layers, the thickness of which is the field of
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length of the bending area [51,52]. The reaction of these forms of oxygen is

reduced while reducing gases or competitive adsorption and replacing absorbed

oxygen molecules and others can reverse the bending areas, resulting in an increase

in conductivity. O� is believed to dominate the operating temperature of

300�C�450�C [53], which is the operating temperature, for most metal oxide gas

sensors. A structural model and a conductive tape mechanism is a reference gas

containing carbon dioxide and oxidized and released electron oxide compounds

from bulk materials when exposed to a gas with or without it if the carbon dioxide

sensor along with the reduction in the thickness of the space deck layer decreases

[54]. Furthermore, the Schottky barrier between the granules is reduced, and it will

be easy for electrons to make different layers of the sensor bead. Chapin et al. of

Bell Labs found monocrystalline silicon solar cells that were invented and proven

to be 6% effective. Then the researchers brought silicon solar cell efficiency to

15%. The timing was lucky, because Sputnik was launched in 1957 and the solar

panels are quite easy to maintain—they work to provide remote electrical energy.

Currently, silicon solar cells are utilized to operate the space station. In this regard,

the higher the percentage of paint alloys, the lower the transition temperature [54].

Moreover, Wang et al. [55] reported that costimulants of tungsten VO2 (magne-

sium) and magnesium (Mg) could offer a synergistic effect through which the tem-

perature of the transformations and light transmittance of the film VO2 could be

developed. It should be noted that, as single crystals, the lattice of VO2 cannot with-

stand the resulting stress in phase shift and crack after only some passing cycle.

The compound was prepared as a thin film applied to the selected substrate, VO2.

The film may be more fleeting and will be more efficient for smart window appli-

cations. Progress in the development of thermal VO2 thermal coating has recently

been examined by researchers [56�62]. Different aspects of material development

were considered, including VO2 manufacturing process films, strategies to improve

chromium thermal properties, and future trends. From the perspective of the

manufacturing process, the various methods can be used for the preparation of VO2

thermo-chromic glass coatings, including slush�gel [63], sputtering deposition, and

chemical vapor deposition [64].

12.6 Supercapacitor and metal oxides powder
technology

Metal oxides are an alternative to materials used in the manufacture of supercapaci-

tors electrode, because it has high specific capacity and low resistance, which

makes it simpler to build supercapacitors with high energy and power. Usually,

used metal oxides are nickel oxide (NiO), manganese oxide (MnO2), ruthenium

dioxide (RuO2), and iridium oxide (IrO2) [65�68]. Low cost of production and use

of a softer electrolyte make them an actual alternative to nickel oxide that is a

promising electrode material for supercapacitors due to its environmental friendli-

ness, easy for synthesis, and low cost. Among the advantages, electrochemical
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schemes include reliability, precision, simplicity, low cost, and versatility. Using

electrochemical nickel hydroxide strategy has been changed to using nickel oxide.

It results in producing an ultrahigh specific capacity of 1478 F/g in aqueous 1 M

KOH electrolyte solution [59�61]. Composite electrodes integrate carbon-based

materials with any of metal oxides or conductive polymer materials that, in turn,

present both a physicochemical mechanism of charge storage together in one elec-

trode [62,63]. Activated carbon has effective characteristics such as good electrical

properties, high surface area, and reasonable price used in this experiment. Three

different metals such as oxides of nickel (Ni), cobalt (Co), and manganese (Mn)

which are used to observe the combination that can produce the highest specific

capacitance. An alternating current was used as an anode and combinations of two

metal oxides as a cathode. Degree of inversion was adjusted by a factor of 0.2 to

see the effect it will have on performance [64�66].

The operating principle of the supercapacitor, regarding the storage and distribu-

tion of ions, is arriving from the electrolyte to the surface area of the electrodes of

energy. On the basis of the energy storage mechanism, supercapacitors are subdi-

vided into three classes: electrochemical double layer, hybrid super, and pseudo

capacitors [67�69].

12.7 Industrial emissions and metal oxides powder
technology

Industrial emissions become significant with the fast development processes such

as the production of a metal nozzle. Rick et al. [68] stated that sales had risen for

materials by 49% in 2013. Different studies examined the aspects of environmental

influence on steel powder processes. Sintering processes and newspapers

manufacturing energy constitute about 90% of quantity products manufactured with

black powder [70]. Three decades later, the effectiveness of sintering and energy

consumption of press by water and atomization evaluated was evaluated [70].

Compared to other processes, powder metallurgy, printing, and sintering, it has

been characterized with respect to its energy and materials efficiency. Additive

manufacturing, the only process in addition to the press and sintering that impact

the environment, has been studied in the literature. Huang et al. [71] examined the

impact on the environment due to additive production of the full life cycle of the

metal aircraft components and came to the conclusion that if it is used to the full

potential emissions from civil aviation in the United States, it can be reduced by

approximately 6%. Additive manufacturing allows more freedom compared to con-

ventional design process, accommodating further optimization of components. The

process is highly energy intensive [72]. The GHG emissions can be reduced most

effectively by the use of this machine at its full capacity and can be turned off

when not in use [73]. The environmental effect on additives production has been

considered higher by researchers than any other powder metallurgy process [74,75].
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12.8 Conclusion

In this chapter, research progress on energy uses of metal oxides powder technology

was introduced separately by reviewing a reasonable number of peer-reviewed

papers. Topics covered include materials that were manufactured by metal oxides

powder technology and their uses in different kinds of energy such as fuel cells,

solar cells, and supercapacitor. In addition, developments of different materials

with improved performance of energy producers have been discussed in this chap-

ter. It concludes that the development of new materials improves the overall effi-

ciency in order to meet the increasing energy demands.
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13.1 Introduction

The strength of metal oxides (MOs) lies in the diversity of optical and electronic

properties that determine the alignment of energy levels and thus dictate the perfor-

mance of electronic devices. The majority of MO materials are considered to be

semiconductors, and they are divided into two types, n-type materials such as tin

oxide (SnO2), indium oxide (In2O3), zinc oxide (ZnO), and titanium dioxide (TiO2),

on the other hand, p-type materials such as nickel oxide (NiO) and copper oxide

(CuO). The charge carriers of these types are electrons for the first and holes for

the second. The combination of different MO materials leads to forming nanojunc-

tions such as n�p, n�n, and p�p junctions. The way the materials are combined

together originates from different structures and thus different properties that have

to be studied independently. These heterojunctions can be formed according to one

of these nomenclatures: (1) a simple mixture of two or more compounds, the result

is not controlled and randomly distributed, and it is identified by a dash between

the different compounds. For example, “CuO�SnO2” represents a mixture of CuO

and SnO2. (2) The base material on which is added by a second material on the top,

this is identified by the “at” sign “@.” For example, “SnO2@PdO” could represent

SnO2 nanowires coated by PdO nanoparticles deposited by any method. (3) Define

a clear partition between two or more compounds; a forward slash is inserted

between compounds names. For example, “NiO/TiO2” means a layer of TiO2 is

deposited over NiO layer [1]. Nanomaterials (NMs) are engineered materials to

take advantage of the extraordinary chemical, physical, and electrical properties at

this tiny size. NMs are defined as materials that have a grain size less than 100 nm

and their surface-area-to-volume ratio is larger than their bulk. They are classified

into three main categories: organic, inorganic, and hybrid NMs. Below the three

categories are a broad range of materials such as graphene, carbon nanotubes,

nanoparticles, nanofibers, nanocomposites, nanowires, nanorods, MOs, nanometals,

and quantum dots. MOs have very different electrical properties from metals,

Metal Oxide Powder Technologies. DOI: https://doi.org/10.1016/B978-0-12-817505-7.00013-0

© 2020 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-12-817505-7.00013-0


semiconductors, and insulators and are used in many different areas such as battery

supercapacitor hybrid devices [2], sensors [3], superconductors [4], solar cell [5],

and water treatment [6]. Many types of MOs have been used in different applica-

tions such as SnO2 [7], TiO2 [8], In2O3 [9], WO3 [10], ZnO [11], Fe2O3 [12],

zinc�tin oxide (ZTO) [13], AZO [14], MgZO [15], GaZO [16], InHfZO [17], and

InSiZO [18]. The use of mixed oxides and noble metals has been investigated in

many research papers to improve the selectivity and stability of the chemical reac-

tions in biosensors [19]. Furthermore, these techniques enabled the researchers to

concentrate on the materials that have the smallest crystallite size to make sure that

their properties will remain stable during high temperature and long operations,

which is crucial for effective chemical sensing in biosensing [20]. Fig. 13.1 shows

the frequent attempts that took place in the 60 and 70 seconds to develop SnO2

and ZnO semiconductor channel layers until the development of the amorphous

indium�gallium�zinc oxide InGaZnO (a-IGZO) as channel layers for thin-film

transistors (TFTs) in 2004 [21]. Many fabrication methods have been used to fabri-

cate MO-based electronic devices whereas the structure and the morphology of

oxide materials play an important role in deciding the type of the method. Among

these, solution-based techniques have been used for their simplicity and effective-

ness [22], electrodeposition [23], chemical precipitation [24], microwave synthesis

(MS) [25], sol�gel (SG) [26], solvothermal synthesis [27], hydrothermal synthesis

[28], and chemical bath deposition [29]. Before we start researching various elec-

tronic applications and devices, we should briefly highlight the field of optoelec-

tronics. It is considered to be the merging of optics and electronics fields, and

it is one of the most exciting and dynamic fields that researchers are working hard

to develop new ways to increase the efficiency of these devices. Optoelectronics

consists of two categories, the first is light sources such as light-emitting

diodes (LEDs) and lasers, whereas the second is the light detectors such as photode-

tectors (PDs), photoconductors, and photovoltaic. This chapter is organized as

Figure 13.1 Timeline of thin-film transistors [21].
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follows: Section 13.2 is devoted to shedding the light on the design consideration and

multiple building configurations of TFTs and metal�oxide�semiconductor (MOS)

field-effect transistor (MOSFET). Different properties, including the electrical, have

been characterized, and different MOs have been identified for use in transistors. In

Section 13.3, different types of diodes such as LEDs and Schottky diodes have been

highlighted by using different MOs. In Section 13.4 the theory that lies behind PDs

has been discussed along with some studies in this area. In Section 13.5, perspectives

and conclusions on the future of MO-based electronics have been offered.

13.2 Transistors

Since the introduction of a-IGZO in transparent flexible TFT in 2004, the use of MO

in TFTs has pulled in a lot of consideration due to their excellent properties such as

low off current, low process temperature, high mobility of carriers, and high transpar-

ency in the visible region. It is worth mentioning that the low temperature of the syn-

thesizing process enables the use of flexible substrates within oxide-based TFTs such

as papers and polyethylene terephthalate (PET). Flexible electronics that based on

flexible oxide�based TFTs can be used in many applications as shown in Fig. 13.2

[30]. TFT devices can be fabricated using many configurations, the first type of TFT

structures is the bottom gate (BG) as shown in Fig. 13.3A [31] and Fig. 13.3B [32],

whereas the second type of architecture is the top gate (TG) (Fig. 13.3C and D) [33].

The difference between the first and the second is whether the gate electrode is depos-

ited before or after the active layer (semiconductor). BG and TG can be coplanar or

staggered depending on how source/drain and semiconductor/dielectric are facing each

Figure 13.2 Applications of flexible oxide�based TFTs [30]. TFTs, Thin-film transistors.
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other. Another structure called double gate [34] is used to control a larger area of

semiconductor channel by using an extra gate as shown in Fig. 13.3E. Finally, the

alternative to the planar structure is the vertical TFTs as depicted in Fig. 13.3F [35].

TFTs are electronic devices with three terminals that can work as a switch or signal

amplification. As depicted in Fig. 13.4, TFTs basically consist of three main parts: the

first is a semiconductor material that acts as a channel for moving the accumulated

charges such as electrons and holes, the second is a dielectric material between gate

electrode and semiconductor to establish a capacitive coupling between them, and the

third is a metallic source and drain electrodes to inject and extract the charge carriers.

The flow of charges between the source and drain can be controlled by using the gate

bias that leads to forming polarization in dielectric [36]. Oxide semiconductors are

promising candidates for TFT applications due to their optical transparency in the visi-

ble range. Also, channel layers made by them exhibit superior electrical properties

such as low subthreshold swing, high mobility of field effect, and uniformity of large

area [37]. On the other hand, Lee et al. [38] have fabricated photochemically activated

and thermally annealed IGZO-TFTs under light illumination that generates small pho-

toinduced current and persistent photoconductivity (PPC) behavior due to the energy

Figure 13.3 TFT device architectures: (A) BG staggered TFT, (B) BG coplanar TFT,

(C) TG staggered TFT, (D) TG coplanar TFT, (E) DG TFT, and (F) VTFT [35]. BG, Bottom

gate; DG, double gate; TFT, thin-film transistor; TG, top gate; VTFT, vertical thin-film

transistor.
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barrier of the oxygen vacancies. IGZO-TFTs can be used in active-matrix backplanes

and photosensors applications. Unfortunately, MOSs have a serious drawback that is

related to their response to the light such as the PPC that refers to continuous high

conductivity even after stopping the light illumination. Also, IGZO-TFTs have been

fabricated and examined by Ruan et al. [39] using physical vapor deposition and low

temperature. Multilayer stacks of SiO2/TiO2/HfO2 are deposited to form a high-κ gate

multilayer. IGZO interfacial layer between the MO channel and the multilayer stack is

important for tuning the performance of the TFT. Many electrical parameters have

been explored in the TFT, and field-effect mobility was about 37.8 cm2/Vs and on/off

current of 73 107 for the low gate leakage current. IGZO-TFTs can be used in an

active-matrix display. Many MOSs are used as a dielectric layer, such as Al2O3, SiO2,

HfO2, and ZrO2, and have been used as surface passivation and gate insulator in het-

erostructure FETs. SiO2 has a low-κ whereas HfO2 and Al2O3 express a moderate to

high-κ dielectric, and this will lead to lower the swing of the gate voltage and deacti-

vation of tunneling effects and keep the gate capacitance high due to the increased

thickness of MO [40]. The C�V characteristics of ultrathin-body (UTB) of FETs using

bulk Si and silicon-on-insulator substrates have been analyzed by a simulation pack-

age. Different parameters are considered to be important for the performance of the

MOSFETs such as dimensions, electrical permittivity, gate dielectric, and channel

thickness. Drain and source junctions are controlling the gate capacitance in a way

that will prevent C�V curve to have symmetry around the inversion voltage. C�V

curves in UTB MOSFET are looking different from similar curves found in conven-

tional ones [41]. Al2O3, In2O3, and InZnO thin films have been fabricated by Xu et al.

[42] using an aqueous solution�based technique. Thermal, structural, optical, morpho-

logical, and electrical properties have been examined at different annealing tempera-

tures, 200�C and 250�C. At operation voltage of 4 V the mobilities were 2.04 and

36.69 cm2/V/s, respectively. A silicon cantilever sensor based on n-type MOS

(nMOS) transistor has been presented by Wang et al. [43]. The sensor is along (1 0 0)

crystal orientation of the silicon, and it is using the transistor to sense the deflection of

the cantilever that resulted by the chemisorption-based surface stress. The chemical

Figure 13.4 A schematic of TFT with the bottom-gate and top-contact configuration. Both

interfaces are discussed in the dotted boxes [36]. TFT, Thin-film transistor.
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functionalized gold film was deposited at the bottom surface of cantilevers to analyze

the reaction process and to differentiate surface stress between different intermolecular

interactions. The schematic drawing of the cantilever sensor based on the nMOS tran-

sistor is presented in Fig. 13.5. Oertel et al. [44] have developed TFT by using low

cost and nontoxic materials in the development process of MO. Indium�zinc oxide

(IZO) with an (In)/(Zn) ratio of 3:1 precursors was used, and the deposition of ultra-

thin and high mobility semiconductor thin films was achieved by spray pyrolysis. I�V

measurements show a saturation mobility of 14.16 1.1 cm2/V/s and an on�off current

ratio of 106 at a drain voltage of 40 V. MOSs have been used widely in TFTs as an

active channel for using in flat panel displays due to the low cost of processing and

fabrication compared to polycrystalline silicon (Si). A number of MOSs have been

studied in the literature such as zinc oxide (ZnO), indium oxide (In2O3), and IZO to

improve the device’s performance or to lower the cost of fabrication and processing.

The preparation of MOS films by using solution based costs less than vacuum-based

deposition techniques despite the need for a high-temperature annealing that used in

solution-based technique. Using annealing for the fabrication of MOS, TFTs become a

challenge due to using flexible substrates. The possibility of melting substrates in

annealing inspires researchers to introduce some changes to the traditional solution-

based techniques such as using preformed nanocrystals into precursor solution or using

photo annealing method or doping additional elements or using combustion proces-

sing. Researchers are split into two groups in developing the electrical properties of

TFTs, one is using polycrystalline structure and the other is using amorphous structure

[32]. Zhang et al. [45] have developed TFT using ZTO as an active layer and SiO2 as

Figure 13.5 Schematic drawing of the cantilever sensor based on nMOS transistor: (A) top

view and (B) cross-sectional view [43]. nMOS, n-Type metal�oxide�semiconductor.
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a dielectric layer as shown in Fig. 13.6A. ZTO solution has been deposited on Si/SiO2

substrate using spin-coating technique followed by thermally evaporating Al source

and drain electrodes. TFT device annealed at 300�C shows a saturation current of

97 μA at when gate-source voltage and drain-source voltage equal to 160 V, whereas

it increases to 2.34 mA at an annealing temperature of 600�C as depicted in

Fig. 13.6B. It is worth understanding that the drain to source current increases as the

annealing temperature rises. ZnO-based MOSFET has been fabricated by Lin and Lee

[46]. ZnO film has been deposited on a sapphire substrate using vapor cooling conden-

sation system. The output is a very small gate leakage current of 24 nA resulted from

applying a reverse voltage of 26 V. The saturation drain�source current (IDSS) and

the maximum extrinsic transconductance (gm) were 5.64 mA/mm and 1.31 mS/mm,

respectively.

13.3 Diodes

Semiconductor diodes are used extensively in electronics as mixers, rectifiers, and

detectors of signals. The metal�insulator�semiconductor (MIS) diodes are called

MIS tunnel diodes, and they are used in the thin insulator film to allow the tunnel-

ing of carriers in one bias condition [47]. Satoh et al. [48] have developed two dif-

ferent MO bilayer thin films that are stacked within an organic photodiode (OPD)

as shown in Fig. 13.7. The first layer is aluminum oxide (Al2O3) that acts as a pro-

tective layer and it is deposited by using atomic layer deposition, whereas the

second layer is silicon oxynitride (SiON) that acts as another protective layer to

enhance the chemical and mechanical stability and it is deposited by using plasma-

enhanced chemical vapor deposition. The advantage of the OPD device is the sta-

bility that reaching 85% relative humidity at 85�C and for a duration of 1000 hour

Figure 13.6 (A) The schematic structure of ZTO TFT. (B) The output curves of ZTO TFTs

annealed at different temperatures: 300�C, 400�C, 500�C, and 600�C. [45]. TFT, Thin-film
transistor; ZTO, zinc�tin oxide.
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without any degradation in the performance. Another p�n heterojunction diode has

been fabricated using the dip-coating method, n-type transparent cadmium stannate

(Cd2SnO4) was used as a conducting film deposited on a glass substrate with a

thickness of 380 nm. On the other hand, several layers of p-type cupric oxide

(CuO) were deposited on the transparent conducting films using the dip-coating

method by Martı́nez-Saucedo et al. [49], and the thickness (τ) was about

49�270 nm. The samples have been exposed to thermal annealing treatment (RTA)

in vacuum at a temperature ranging between 300�C and 450�C for 10 minutes to

lower the CuO phase into the cuprous oxide (Cu2O) phase. Silver paste on

Cd2SnO4 and ohmic contacts made from a graphite probe on the copper oxide layer

has been used to conduct current�voltage measurements. A rectifying behavior

increases with increasing τ, and thus this behavior reaches the best with a sample

thickness of 270 nm of Cu2O and TA of 425�C. Also, saturation current density

was 3.23 1025 A/cm2 and turn-on voltage is 1.1 V. MOS diodes are used as

charge-coupled devices, voltage-dependent capacitors, and PDs. A simple bipolar

energy transport model with nonconstant lattice temperature for a MOS diode has

been introduced by Jüngel et al. [50]. Numerical analysis for the MOS diode shows

that the C�V characteristics are affected by the boundary temperature. Perovskite

LEDs (PLEDs) attract the attention of the researchers for their potential use in the

next-generation displays due to their extraordinary color purity, broad color tenabil-

ity, tight emission bandwidth, and solution processability. Four inorganic layers are

solution processed and used for building PLEDs, electron transport layer (ETL) that

consists of cesium-doped aluminum zinc oxide nanoparticles (AZO:Cs), emissive

layer that consists of triple cation lead halide perovskites, hole transport layer

(HTL) that consists of copper sulfide gallium tin oxide (CuSGaSnO), and hole

injection layer (HIL) that consists of tungsten trioxide nanoparticles (WO3). Green-

based PLEDs was the best whereas their efficiency exceeds 70 cd/A and 80 lm/W

and the maximum luminance values exceed 50,000 cd/m2. These achievements are

Figure 13.7 A schematic drawing of OPD device comprising the bilayer thin film between

the microlens and the top electrode [48]. OPD, Organic photodiode.
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due to the use of CuSGaSnO as HTL and AZO:Cs as ETL [51]. Solution processed

of molybdenum oxide (sMoOx) has been synthesized by Zheng et al. [52] using a

layer of hole injection to prepare a quantum dot LEDs (QLEDs). The used method

was low cost and simple and, also, the used materials are nontoxic. The maximum

current efficiency of 5.46 cd/A was achieved by QLED compared to the conven-

tional PEDOT:PSS devices. Under multiple mechanical bending of 5 mm curvature

radius, the device has outstanding flexibility. Also, the introduction of sMoOx HIL

to the diode helps to improve the stability of QLEDs, which is considered as a

promising for future lightings and displays applications. A Pd/HfO2/GaN MOS

Schottky diode has been developed by Chen et al. [53] to sense different concentra-

tions of hydrogen. The I�V characteristics of the studied Pd/HfO2/GaN MOS-type

sensor compared to Pd/GaN MS-type device without using HfO2 thin film at 300K

are shown in Fig. 13.8. A similar I�V characteristics have been found under

forward voltage; however, under applied reverse voltages, MOS Schottky diode

showed apparently a lower leakage current than the compared MS diode. This

improved performance is caused by the enhanced Schottky barrier height due to the

insertion of the HfO2 dielectric layer between the Pd and GaN layer. It is worth

mentioning that hafnium oxide (HfO2) is used widely in the fabrication process of

different electronic devices due to its larger dielectric constant and wider bandgap

[54]. It is worth mentioning that some researchers investigate the effect of changing

the concentration of some elements on the optical, structural, morphological, and

electrical properties of the diodes as done by Rana et al. [55]. ZnO thin films were

deposited on fluorine-doped tin oxide and soda-lime glass substrates using SG spin-

coating technique. Cu thin films were deposited on ZnO by the sputtering technique

through a shadow mask. The highest saturation current was obtained 8.673 1024 A

for 0.5 M thin-film sample at 5 V bias voltage. This result indicates that the

Figure 13.8 I�V characteristics of Pd/HfO2/GaN MOS-type and Pd/GaN MS-type devices.

[53]. MOS, Metal�oxide�semiconductor; MS, microwave synthesis.
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electrical properties of the Cu/ZnO Schottky diodes can be tuned by molar

concentrations.

13.4 Photodetectors

Optoelectronics devices such as PDs are working on photoelectric effect principles

[56]. They consist of an active layer that is surrounded by two electrodes, the active

layer is a light-sensitive material that absorbs illuminating photon energy and gener-

ates electrons movement. These carriers are collected by the contact electrodes to

provide light-induced current flow to the external circuit. A flexible and transparent

PD based on AgxO/TiO2/indium�tin oxide (ITO) layers deposited on a PET sub-

strate has been fabricated and characterized by Abbas et al. [57]. Under UV illumi-

nation, it showed a high responsivity (323 mA/W) and detectivity (4.23 108 Jones).

Also, a noise equivalent power of 2.33 1029 W/Hz1/2 is obtained, which confirmed

its capability to detect light at nW level. Two PDs, Cu4O3/ZnO/ITO and NiO/

Cu4O3/ZnO/ITO, have been prepared by Kim et al. [58] from p-type Cu4O3 that

deposited on n-type ZnO to construct a rectifying junction at the interface, the ITO

layer was acting as an electron transporting layer. UV and visible radiations were

absorbed by both devices, and this leads to lower the transmittance within a given

wavelength range. The reverse saturation current, as well as the recombination loss,

increased due to the missing proper channel for hole movement. NiO/Cu4O3/ZnO/

ITO PD boosts the photocurrent within a short time of 33 ms and then gets relaxed

by 89 ms when the PD exposed to light. It is worth mentioning that the fast

response of paramelaconite (Cu4O3)�based PDs is very useful for their operation.

A perovskite-based MOS PDs have been developed by Wang et al. [59] by deposit-

ing a thin layer of Au on the top of perovskite film as the source and drain electro-

des and Al as the BG electrode. The dark current was in a pA Scale with over than

1014 Jones detectivity under the illumination of 2 mW/cm2. The ultralow dark and

light switch current ensures the low consumption output as well as the wide operat-

ing voltage range. Fig. 13.9A illustrates the structure of the MOS PDs, the simpli-

fied structure is Au/ perovskite/SiO2/Si/Al. On the other hand, Fig. 13.9B shows the

Figure 13.9 Perovskite-based MOS photodetector (A) schematic (B) electrical model [59].

MOS, Metal�oxide�semiconductor.
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source electrode, drain voltage, and gate voltage with arrows as symbolic of two

current loops. The main current loop is from source to the gate. Yang et al. [60]

have synthesized a PD by depositing multiple thicknesses of hexagonal YMnO3 (h-

YMO) films on yttria-stabilized zirconia substrates using pulsed laser deposition

(PLD). Al-doped ZnO (AZO) top electrodes were deposited on the YMO films

using PLD through a shadow mask. Fig. 13.10A depicts the schematic diagram of

the UV PD. Fig. 13.10B and C shows the current�voltage (I�V) curves for dark

and light illumination, respectively, at a voltage range between 24 and 14 V. In

the dark condition, current has a value of B10 pA for most of the thicknesses; how-

ever, it was significantly enhanced with the light condition that reached B300 pA.

Fig. 13.10D reveals the time-resolved photoresponses of all PDs with applying a

voltage of 14 V and 365 nm illumination light. When the UV light is on, the

resulted current will rise rapidly and it will keep high as long as the PD is exposed

to the UV light. On the other hand, when the UV light is off, the current will go

down rapidly and constantly as long as the light is off. The resulted on and off cur-

rents are called Ion and Ioff. NiO/ZnO/ITO/PET transparent heterojunction ultravi-

olet PD has been developed by Patel and Kim [61] with a high visible-range

transparent (74.8%) that is extremely sensitive to detect the tiny UV light density of

Figure 13.10 (A) Schematic of UV photodetector based on AZO/YMO/YSZ structure.

The current�voltage (I�V) characteristics under (B) dark (C) light (D) time-resolved

photocurrent using applied voltage of 4 V and 365 nm UV light illumination [60]. YSZ,

Yttria-stabilized zirconia.
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10 mW/cm2 with the ultrafast photoresponse time (19 ms) and high photoresponse

ratio of 1944.

Conclusion

MOs have been investigated widely as the key component in different electronic

and optoelectronic devices. A clear understanding of optical, structural, electrical,

and morphological properties of MOs provides a path for the growth of new MOs

with characteristics that can be adjusted to meet the efficiency requirements of dif-

ferent applications. In this chapter, we present a comprehensive review of the syn-

thesis, analysis, characterization, and applications of MO nanostructures. Careful

attention has been paid to the aspects important to the development of electronic

and optoelectronic devices: (1) types of MOs (i.e., bandgap and type of conductiv-

ity), (2) the combination of different MOs to form heterostructures with different

morphologies and dimensions to be used more effectively in different electronic

devices, and (3) the fabrication techniques (substrate type, deposition methods tem-

perature, layer structure, etc.). This means combining advanced substrates, that is,

PET [10] with suitable device architectures [35] to develop a broad range of elec-

tronic devices. The main part of the chapter has described the currently available

approaches for fabricating and developing TFTs, FETs, LEDs, Schottky diodes, and

PDs. Also, novel structures have been discussed such as adding an interfacial layer

between the high-κ stack and MO channel [39] to enhance the on/off current and

field-effect mobility. In this chapter the fabrication and characterization of flexible

LED and Schottky diodes have been demonstrated, whereas a novel heterojunction

diode with a high rectification was discussed [49]. In the end, photoresponses along

with other electrical properties for an optoelectronic device such as PD were dis-

cussed and elaborated. Even though there is still work to be accomplished at the

moment, the pace of growth that this sector has experienced in recent years allows

us to predict that technology based on MOSs will play a main part in the electronic

scenario of tomorrow.
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14.1 Introduction

Catalysts are materials that accelerate chemical processes, theoretically without

consuming themselves. Metal oxides combine an oxide anion with a cation of sin-

gle metal or metalloid element, displaying a wide range of physical and chemical

properties that make them attractive to be used as heterogeneous catalyst, either as

active phase or as support [1]. They are common in nature or can be readily synthe-

sized from commercially available minerals. Their applications have been exten-

sively developed since the mid-20th century in the chemical, environmental, and

petroleum industries [2]. Metal oxides are used as catalysts in selective oxidation,

acid�base, hydrogenation, polymerization, and redox processes [3]. Active sites, in

general, employ transition and noble group metals, attributing their activity to the

outer electron configuration, where the partially filled d-shell plays a major role in

the catalytic transformation [4].

On the other hand, there is a synergistic effect between the active phase and the

support [5], which influences the catalyst essential functions as activity, selectivity,

and catalyst life. Supports such as zeolites, metal oxides, and many forms of carbon

(activated carbon, carbon nanotubes, and quantum dots) are used to increase surface

area, particles dispersion and protect active catalyst from carbon deposition and

thermal deactivation [6].

The purpose of this chapter is to highlight the role of the metal oxides in

important technological processes that have led to development of the society.

Even though, industrial processes are already in place, there is always room for

improvement of the activity and selectivity of the catalytic system by system-

atic studies of catalyst surface structures, synthesis methods, and operation

conditions.

In this chapter, we will look at the structure of the catalysts, followed by some

of the most used methods to synthesis the metal oxides that are used in the industry.

The chapter will conclude with some metal oxides that are used in the industry and

some of the challenges that these catalytic systems currently face. The active site of

most of the catalysts is still in debate that will not be the focus of this chapter as a

comprehensive review was recently published [7].
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14.2 Supported metal oxides

Supported catalyst oxides are made of the combination of the active phase depos-

ited on the surface on a solid support. The most common supports in industry appli-

cations are solid oxide supports such as alumina (Al2O3), silica (SiO2), and titania

(TiO2). Oxide supports are often covered by hydroxyl groups that act as Brønsted

acids or bases when in contact with water during impregnation step. These hydroxyl

groups interact with catalytic precursors by proton exchanges, allowing the

metal�support interaction such as electrostatic interactions, van der Waals, ion

pairing, or even covalent bonding [8�12].

The advantage of using supported catalyst over pure metal oxides rests on the

highly dispersion and stabilization that the supported layer contributes, leading to a

more active and stable catalyst. A wide variety of inorganic supports such as metal

oxides, zeolites, clays, and carbon materials find wide application in the immobili-

zation of the active phase in many chemical, petrochemical, and environmental

industries. Table 14.1 lists some significant industrial reactions catalyzed by sup-

ported metal oxides.

14.2.1 Catalyst molecular structure

Supported metal oxides are generally prepared by depositing metal oxides species

on a second metal oxide followed by calcination. The calcined material contains

supported metal oxide layers with several structures based on the synthetic method

employed, metal�support molar ratio, specific surface area of the support, and

chemical interactions between the support and active site layer. When the active

site has a low metal�support molar ratio, the metal oxide is dispersed as mono-

meric species. When the metal�support molar ratio is increased, the monomeric

species form oligomeric or polymeric species via metal�oxygen�metal linkages

and ultimately to surface-bound (nano) crystalline metal oxide layer [3].

Many spectroscopy characterization techniques are employed to determine the

molecular structure of the metal oxides, such as Raman [21�24], infrared (IR) absorp-

tion [23�26], UV/vis [24,27,28], solid-state nuclear magnetic resonance [29�31], and

X-ray absorption [32�34]. These spectroscopy techniques allow studying the metal

Table 14.1 Some industrial applications of supported metal oxides.

Catalytic system Application Reference

Cu�ZnO/Al2O3 CO hydrogenation to methanol [13]

WO3/SiO2 Alkene metathesis [14]

Pt�Sn/Al2O3 Propane dehydrogenation to propylene [15,16]

CrO3/SiO2 Ethylene polymerization [17]

MoO3/SiO2 Antimicrobial drug tinidazole [18]

(V2O51WO3)/TiO2 Selective catalytic reduction of NOx using ammonia [19]

Ni/MgAl2O4 Steam reforming to synthesis gas [20]
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oxides under different environmental conditions, mimicking the industrial conditions,

and analyzing how the environment affects the catalytic species.

14.3 Synthesis methods of supported catalyst oxides

Synthetic routes are developed to attain a rational design of catalysts in order to

control the catalytic activity of the surface, particle size, and surface area. The cata-

lytic properties of the metal oxides greatly depend on the selection of the active

phase and the support. The selection of the synthesis methods is important because

it will influence the active sites dispersion, metal�support interaction, and surface

area. In general, supported metal oxide catalysts are prepared by deposition of the

active phase followed by activation, where the precursor is transformed to the

active phase, depending on the reaction to catalyze. Different synthetic methods for

the synthesis of supported metal oxides are presented in the following sections.

14.3.1 Impregnation method

In impregnation method a solution of the active metal precursor is introduced into

the void space of the support with a subsequent drying. There are two major

impregnation techniques: capillary or dry and diffusional or wet impregnation.

In capillary or dry impregnation the support material is initially dried [35] with a

rapid filling of the pores. The volume of the pore of the support is generally equal

to the volume of the solution containing the precursor, with no excess solution

remaining after impregnation. One of the problems is to control heat release pro-

duced when the solid�gas interface is replaced by a solid�liquid interface.

Another problem encountered is the capillary pressure created by entrapped air that

causes the internal pores to collapse. In addition, the speed with which the pores

are filled is limited by the entrapped air and its migration outside the grain.

In diffusional or wet impregnation the support is first filled by the solvent, usu-

ally water, without the precursor and followed by the mixing with the precursor

solution. The concentration gradient between the precursor solution and the solvent

inside the pores is the driven force to fill the voids. The diffusional impregnation

takes longer than capillary impregnation.

After impregnation the prepared materials undergo drying to remove solvent

from the support pores. The drying temperature will depend on the boiling point of

the solvent and often can vary from 50�C to 250�C [36]. The metal oxide is finally

obtained by calcination.

14.3.2 Precipitation/coprecipitation

Precipitation is the most frequently used synthesis method. It is employed to pre-

pare very pure oxides that are further employed as catalysts or supports such as alu-

minum and silicon oxide.
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Coprecipitation method involves the simultaneous precipitation of more than one

metal precursor and support. The low solubility of the metal hydroxides favors the

precipitation of their precursor salt solution. In practical applications, hydroxides

are precipitated adding an alkaline precipitating agent to and acid solution that con-

tained the metal precursor. Ammonia and sodium bicarbonate are the most used

precipitating agents. The metal precursors are obtained from highly soluble inor-

ganic salts such as nitrate, carbonates, and chlorides. Coprecipitation is very

suitable for the synthesis of homogenous distribution of catalyst components or to

control the stoichiometry in the catalyst. Problems encounter in these methods

include the higher technological demands, the challenges to meet the quality of the

precipitation process, and reproducibility of the precipitation when the process is

interrupted.

14.3.3 Grafting

In grafting the active element is strongly attached to a functional group of the sup-

port by a covalent bond. Metal precursor is covalent attached to the hydroxyl group

(s) of the support. In general, the precursors used are metal halides, oxyhalides,

metal alkoxides, and organometallic complexes. There is only cover of the active

metal up to a single monolayer allowing better control of the dispersion and the

molecular structure of the catalyst. The oxide supports are thermally pretreated

before undergoes grafting in order to remove any physisorbed water. Once the coor-

dination metal is in contact with the support, a condensation reaction occurs

between the precursor and the expose OH groups of the support. Then, the physi-

sorbed metal complexes are removed from the material by washing with pure sol-

vent or purging with inert gas. The process to eliminate the remaining ligands is

performed by hydrolysis of the metal�ligand bond of the anchored complex or by

decomposition under mild conditions.

14.3.4 Chemical vapor deposition

When grafting is performed using precursors vaporized in the gas phase is called

chemical vapor deposition (CVD). There are many CVD processes reported for the

formation of metal oxide catalyst such as thermal decomposition, hydrolysis, reduc-

tion, oxidation, and plasma-assisted methodology. CVD is a relatively simple and

flexible technology for the synthesis of various catalytic materials. The metal carbo-

nyls are used widely in the chemical industry for production of heterogeneous cata-

lyst. CVD happens after heating to vaporize the precursors inside the CVD reactor.

Another method uses an open reactor or flowing gas to direct interaction between

the precursors and support at given temperature.

14.3.5 Sol�gel method

Sol�gel method is commonly used for the preparation of metal oxide catalysts at

elevated temperatures by using metal alkoxide [37] or colloidal dispersion [38]
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passing from solution state to a gel state before dehydration. Gel is generally

formed by the dispersion of particles from 1 nm to 1 μm in a liquid forming a solid

or a network or by the polymerization of molecules with a solid encapsulated a sol-

vent [39]. The encapsulated solvent can be removed by evaporation or supercritical

extraction.

A sol�gel method was used to prepare CuxFe12xAl2O4 spinels by dissolving the

nitrate salts of copper, iron, and aluminum following by the addition of anhydrous

citric acid as combustion agent and prevent the early hydrolysis of the salts. The

resulting solution was kept mixing at 70�C overnight followed by a temperature

increase to 250�C to achieved the citrate gel. Finally, the xerogel was burned,

grounded, and calcined at 700�C for 20 hours. In this case the sol�gel method

improved the stabilizing effect of FeAl2O4 phase through substitution of Cu at the

Fe site of hercynite [40].

A sol�gel explosion-assisted technique was applied to rapid synthesize magnetic

Fe3O4 nanoparticles with good dispersability [41]. At first, the metal oxide Fe3O4

nanoparticles were prepared using sol�gel technique. The ferric nitrate and citric

acid were dissolved in water followed by the addition of ammonia to adjust the

solution pH. This solution leads to the gel formation after heating and water evapo-

ration. Then, picric acid was used during the reduction of the dry gel to control par-

ticle size and avoid agglomeration. In general, this technique can be used to

synthesize any type of metal oxide from organic and/or inorganic precursors. The

particle size and morphology of the particles can be controlled by drying and cal-

cined conditions. The disadvantage of this method is the costly precursors and

alkoxides.

14.3.6 Hydrothermal method

This synthesis method is based on crystallization techniques in aqueous solution

using an autoclave at controlled pressure and temperature. The crystals are grown

from a metal solution through oxo-hydroxide gels or sols [42]. The crystal size is

control from agglomeration and aggregation using surfactant agent and controlling

reaction conditions such as pH, temperature, pressure, reaction time, and molar con-

centration of the reactants.

14.3.7 Flame hydrolysis

Flame hydrolysis involves a reaction of a gaseous mixture of a precursor, hydro-

gen, and air or oxygen in a flame reactor at high temperature. This process pro-

duces oxides with high surface area at industrial scale. In general, the precursors

used are metal chlorides, carbonyls, or volatile alcoholates applied in diluted aero-

sol form. Some examples include Al2O3 from AlCl3 [43], Fe2O3 from FeCl3 [44],

and SiO2 from SiCl4 [45,46]. The particle size can be modeled by the flame tem-

perature, residence time in the flame, precursor loading, and oxygen�hydrogen

ratio.
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14.4 Applications

14.4.1 Catalytic oxidation of methanol

Iron molybdate oxides are used for the oxidation of methanol to formaldehyde.

Formaldehyde is the simplest and most active of the aldehydes. It is used in the

synthesis of resins that are employed as adhesives in the production of plywood,

particle board, and fiber board.

The oxidation of methanol is produced under excess air at 350�C�450�C.
When the temperature is higher than 470�C, carbon monoxide, dimethyl ether,

methyl formate, and formic acid are formed as by-products reducing the yield of

formaldehyde.

CH3OH1
1

2
O2 ! CH2O1H2O (14.1)

CH2O1
1

2
O2 ! CO1H2O (14.2)

CH2O1 2CH3OH ! CH2 OCH3ð Þ2 1H2O (14.3)

CH3OH1CH3OH ! CH3ð Þ2O1H2O (14.4)

CH2O1
1

2
O2 1CH3OH ! HCOOCH3 1H2O (14.5)

CH2O1
1

2
O2 ! CHOOH (14.6)

The mixed catalyst comprises of 18�19 wt.% Fe2O3 and 81�82 wt.% MoO3

using Cr or Co oxides as promoters [47]. The presence of iron(III) molybdate

[Fe2(MoO4)3] and MoO3 has been confirmed at the surface and in the bulk by

spectroscopic analysis [48�50], being the Fe2(MoO4)3 confirmed as the active

component of the catalyst. MoO3 plays a role increasing the surface area per

unit mass of catalyst, as a source of Mo replacement in Fe2(MoO4)3. Fig. 14.1

shows the lamellae morphology when the Mo:Fe ratio is stoichiometric and

sponge-like morphology when the Mo:Fe ratio corresponds to 3, which corre-

spond to a higher surface area. The authors agree with previous study that

stated that the formation of lamellae shape depends on Mo/Fe ratio, low pH,

and long aging period. However, Soares disagreed with Sun-Kou et al. [51] in

the cause of the surface area of the stoichiometry Mo/Fe ratio, attributing to

thermal treatment exposure, the longer the treatment the higher the surface

area.

The catalytic system Fe/Mo oxides are more resistant to catalyst poisons than

the silver catalytic systems that are employed in the industry.

284 Metal Oxide Powder Technologies



14.4.2 Selective catalytic reduction of NOx

Selective catalytic reduction (SCR) refers to the reduction of nitrogen oxides (NO,

NO2, N2O) with oxygen and a selective inorganic or organic reducing agent.

Nitrogen oxides (NOx) are produced as tail gas in the industrial synthesis of nitric

acid or in the exhaust emissions from lean-burn or gasoline engines [52]. NOx is a

very harmful atmospheric pollutant, the principle origin of acid rain, and photo-

chemical smog. The direct decomposition of NOx to inert gases such as N2 and O2

remains an enormous challenge for many researchers.

Figure 14.1 Scanning electron micrographs of Mo/Fe catalysts.

Source: Reproduced with permission from A.V. Soares, M.F. Portela, A. Kiennemann,

L. Hilaire, J. Millet, Iron molybdate catalysts for methanol to formaldehyde oxidation:

effects of Mo excess on catalytic behaviour, Appl. Catal. A: Gen. 206 (2001) 221�229.

©2001 Elsevier.
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SCR of NOx with ammonia is a well-established process to reduce NOx emis-

sions of industrial and utility plants, industrial and municipal waste incinerators,

and nitric acid plants. The emissions of these processes contain different NO/NO2

ratios and space velocities; furthermore, SO2 is part of the exhausted gases in the

aforementioned processes except in the production of nitric acid. Vanadia supported

on titania-based catalysts [19,53] can be generally used for any SCR-NH3 previ-

ously mentioned. Other types of catalyst that show good activity in the nitric acid

plants are the Cu-based oxides.

An approach to improve the catalyst that is already established in the industry is

the temperature window in which the NO conversion is at maximum value, as the

presence of ammonia, a side combustion reaction decrease the conversion tempera-

ture. Another factor to have in consideration is the selectivity in the conversion of

NO with respect to ammonia, always present as a side reaction of ammonia

combustion.

High vanadium loading has a positive impact in the catalytic activity, but it is

required to maintained low to limit the oxidation of SO2 to SO3 which plugged due

to ammonium sulfate or corrosion.

When ammonia is used nitrogen and water (Reactions 14.7�14.9) is produced.

The commercialization of urea as selective reducing agent is still on development.

When urea is used, carbon dioxide is produced along with nitrogen and water

(Reaction 14.10)

4 NO1 2NH3 1O2 ! 4 N2 1 6H2O (14.7)

2NO2 1 4 NH3 1O2 ! 3N2 1 6 H2O (14.8)

NO2 1NO1 2NH3 ! 2N2 1 3H2O (14.9)

4NO1 2CH4N2O1O3 ! 4N2 1 2CO2 1 4H2O (14.10)

In the case of mobile sources of NOx for SCR-NH3, V-TiO2-based catalyst are

used, as they are active in the presence of O2, at very high space velocities, low

reaction temperatures (120�C�200�C), and resistant to sulfur and phosphorus

deactivation.

14.4.3 Catalytic hydrogenation of carbon monoxide

Carbon monoxide catalytic hydrogenation is the main route to produce methanol as

a precursor of fuels, chemicals, and energy storage. The first set of the metal oxide

used for this conversion is consisted of zinc oxide supported on chromium oxide.

This system was stable for the sulfur and chlorine compounds contained in synthe-

sis gas produced from coal in the early 1900s. After synthesis gas was produced

with higher purity, zinc oxide/chromium oxide was substituted by copper oxide/

zinc oxide supported on aluminum oxide with higher activity and selectivity at
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lower temperature and pressure (50�100 bar and 200�C�270�C). Alternative metal

oxide catalysts have been claimed such as Cu/Al alloys and noble metal combina-

tions. Nevertheless, until today, none of the new noble catalytic systems published

got industrial consideration for the synthesis gas conversion to methanol owing the

considerably higher costs without improvements in the operational efficiency.

The following equations are used to describe the process:

CO1 2H2$CH3OH (14.11)

CO2 1 3H2$CH3OH1H2O (14.12)

CO2 1H2$CO1H2O (14.13)

The Cu/ZnO/Al2O3 catalyst system that is employed in the low-pressure metha-

nol synthesis for CO hydrogenation is prepared by a coprecipitation method. A typi-

cal catalyst contains CuO 55 wt.%, ZnO 25 wt.%, and 8 wt.% Al2O3. Until this day,

there is still debate on the nature of the carbon source for methanol—CO or CO2

and the role of the synergistic effect of Cu�Zn.

Chinchen et al. report copper as the active catalyst with dual surface function

with adsorbed oxygen and a surface available for hydrogen adsorption [54].

The role of zinc oxide has been exalted for increasing the catalyst surface

area and neutralizing any copper poison as sulfur and chlorine that may be pres-

ent in the feed. Another function of the zinc oxide has been associated to its

basic property that neutralizes the alumina acidity that may dehydrate methanol

to dimethyl ether [55]. Alumina and zinc oxide prevent the sintering of active

copper.

The deactivation mechanism of the catalyst is more often by thermal deactiva-

tion than by poisoning as the desulfurization and halogenide processes are more

developed. Thermal deactivation induces processes such as sintering and phase

aggregation shortening the catalyst oxide life span. Sintering mechanisms are

still under research. Some authors report that sintering takes place by the release

of atomic or molecular species according to Hütting temperature [56]. Another

studied using electron tomography and introducing local correlation between par-

ticles concluded that short interparticles distances contributed to a coalescence

mechanism [57]. A more recent study [58] examined a systematic deactivation of

three Cu/ZnO/Al2O3 catalysts aged under constant conditions and found that the

presence of water significantly reduces the catalyst active surface area and spe-

cific activity. They labeled their samples CZA1�3 from higher to lower Cu:Zn

ratio. CZA1 presented a higher catalytic activity attributed to the higher loading

of Cu and the optimal distribution of Al31 into the ZnO lattice generating oxygen

defect sites and acting as an electronic promoter. The structure of CZA1 and

CZA2 is represented by an intimate mixture of spherical ZnO and Cu nanoparti-

cles (Fig. 14.2A and B). This leads to a very porous structure that is easily acces-

sible for the gas atmosphere. The lower activity of the catalyst of catalyst with
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(CZA3) lower the copper loading is reported as a result of the catalyst micro-

structure from the ex-aurichalcite precursor phase. Cu surface is not accessible

for the gas phase due to the strong fixation of the copper particles in the ZnO

matrix (Fig. 14.2C and D).

14.4.4 Catalytic metathesis of olefins

Olefin metathesis involves the rearrangement of two olefins through unsaturated

carbon�carbon bonds open up the opportunity to transform alkenes in new pro-

ducts. The general scheme of the reaction can be represented as [56]:

2RCH5CHR0$RCH5CHR1R0CH5CHR0 (14.14)

This reaction finds wide commercial applications for the synthesis of new che-

micals in petrochemical, polymers, and fine chemicals. That is the case for the

Figure 14.2 TEM images and exemplary representation of the microstructure of CZA1 and

CZA2 (A and B) and CZA3 (C and D) [58].

Source: Reproduced with permission from M.T. Dunstan, D.M. Halat, M.L. Tate, I.R. Evans,

C.P. Grey, Variable-temperature multinuclear solid-state NMR study of oxide ion dynamics

in fluorite-type bismuth vanadate and phosphate solid electrolytes, Chem. Mater. 31 (2019).

©2015 Elsevier.
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production of propene that is one of the most important olefins, as raw material of

polypropylene, acrylonitrile, and acrylic acid products. Propene is commercially

prepared by the metathesis reaction of ethane and 2-butene [14]:

CH2 5CH2 1CH3CH2 5CH2CH3$2CH3CH2 5CH2 (14.15)

The metathesis reaction in commercial applications uses heterogeneous catalysts

that are frequently prepared from a metal halide using organoaluminium or organo-

tin compounds. They are preferred owing to the ease of catalyst recovery and sepa-

ration. For the active site the most common catalyst are the one based on rhenium,

molybdenum, or tungsten. For the support, oxides with high surface area are used

such as alumina or silica�alumina. In the case of substitute olefins, they are active

when promoted with trialkyltin or lead compound [59].

The most important industrial olefin metathesis technology employs heteroge-

neous supported metal oxide catalysts such as rhenium, molybdenum, and tungsten

supported on Al2O3, SiO2, and SiO2�Al2O3 catalyst systems [60]. However, the

effort and the research on the nature of the catalytic active site are still a question

in the catalytic field.

The most important applications of olefin metathesis in the petrochemical field

are the olefins conversion technology process (previously called the Phillips triole-

fin process) and the Shell higher olefins process (SHOP). The Phillips process in

the reverse direction is established by ABB Lummus Global, Houston (United

States) for the production of propene from ethylene and 2-butenes. Rhenium- and

molybdenum-based catalysts are used. SHOP manufactures α-olefins as a raw mate-

rial to produce detergents. The catalyst employs are supported molybdenum oxide

on alumina catalysts.

WO3/SiO2 is a commonly used catalyst in the olefin metathesis due to its resis-

tance to traces of oxygenate poisons in the feed, higher stability compared to Mo-

and Re-based catalysts and simple removal of coke. The operational temperature

of WO3/SiO2 is common above 400�C. The Lummus’s “Comonomer Production

Technology (CPT)” employs WO3/SiO2 for the production of 1-hexene from

butenes [14].

The SHOP uses molybdenum-based catalysts supported on alumina [61]. MoO3/

Al2O3 is operational at temperatures of 100�C�200�C. Another set of catalyst

reports in the olefin metathesis is Re2O7/Al2O3. It is attractive for being active at

room temperature [62] and being tolerant to functional groups such as alkoxycarbo-

nyl and alkoxy groups [63].

Generally, WO3/SiO2 catalysts are prepared by the deposition of W precursor

on pretreated support by impregnation, drying, and calcination. A review in this

method has shown inhomogeneity of the WO3 deposition, pore plugging, and

the buildup of inactive species [MoO3 crystals and Al2(MoO4)3], hence limiting

the catalytic performance of catalysts synthesized [64]. A recent study [65]

shows a WO3�SiO2 catalyst prepared by sol�gel method with high specific sur-

face area between 490 and 570 m2/g and supercalibrated micropores of 2 nm,
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(Fig. 14.3). Spherical particles were generated with a nanosize ranging from 0.1

to 10 μm. When the nanoparticles were examined by TEM (Fig. 14.3B and C),

nanopores were reveled in the core of the particles that facilitate diffusion

through the pores.

14.4.5 Catalytic polymerization of olefins

Metal oxide catalyst plays an important role in the catalytic polymerization of ole-

fins. Phillips catalyst has been recognized has one of the world’s most important

industrial catalysts for the last 50 years. Phillips catalyst, a chromium oxide sup-

ported on silica gel, is employed for the production of high-density polyethylene

Figure 14.3 SEM (left) and TEM (right) micrographs obtained on (A and B) silica support

and (C and D) 10WSi_850.

Source: Reproduced with permission from S. Maksasithorn, P. Praserthdam, K. Suriye, D.P.

Debecker, Preparation of super-microporous WO3�SiO2 olefin metathesis catalysts by the

aerosol-assisted sol�gel process, Microporous Mesoporous Mater. 213 (2015) 125�133.

©2015 Elsevier.
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(HDPE), the most commonly used synthetic polymer. The Phillips catalyst domi-

nates the market of some specific HDPE applications, for instance pipe, plastic

blow molding, and geomembrane films.

Traditionally, Phillips catalyst is composed of hexavalent chromium ions highly

dispersed on the surface of amorphous silica [66]. The catalyst is activated at tem-

peratures higher than 600�C in an oxidizing atmosphere before performing any

polymerization reaction. The activation requires to be finely controlled to avoid the

Cr2O3 formation. During thermal activation, chromium oxidized to Cr(VI) that

readily reacts with hydroxyl groups on the surface layer of the support (Fig. 14.4).

The activation procedure has a prevailing influence in the structure and composi-

tion of the prepared catalyst. The amount of hydroxyl groups available and the

activity of the catalyst will influence the properties of the polymer-like molecular

weight, polydispersity, melt index, and size of the chain [68]. For example, the

more dehydrated the catalyst became the lower the molecular weight of the polymer

produced. The support also plays an important role in the catalyst activity and

modeling the properties of the polymer produced. For instance, adding titanium as a

promoter has a tendency to enlarge the molecular weight (Mw) distribution, with the

opposite effect adding silica with fluorine [69].

The support of preference in the olefin polymerization is silicon oxide that has a

tendency to fracture during the growing chain of the polymer creating new active

sites, promoting the ethylene polymerization [70] and bulk CrO3 from decomposing

even at temperatures higher than 1000�C [67]. Fig. 14.5 represents the SEM micro-

graphs of chromium supported on silica aerogel. The silica particles retain a cubic

form even after supporting the active metal with some wear off due to repetitive

calcination steps [71].

Other supports that find application on the polymer industry are silica�alumina,

silica�titania, aluminophosphates, aluminum sulfates, and various types of doped

silicas.

Figure 14.4 Plausible structures of surface-stabilized hexavalent chromate species [Cr(VI)

Ox,surf] on silica surface of the Phillips CrOx/SiO2 catalyst (n$ 1) (A) Chromate specie,

(B) Dichromate specie, and (C) Cluster formation.

Source: Reproduced with permission from B. Liu, M. Terano, Investigation of the physico-

chemical state and aggregation mechanism of surface Cr species on a Phillips CrOx/SiO2

catalyst by XPS and EPMA, J. Mol. Catal. A: Chem. 172 (2001) 227�240 [67]. ©2001
Elsevier.
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Further improvements of the Phillips CrOx/SiO2 catalysts are desired for the

industry to but still remained as a challenge. The polymerization mechanism and

the active sits are still poorly understood, as the great majority of spectroscopic

studies was conducted in model systems and undercontrol conditions different from

industrial processes. Recently, new studies are starting to focus in situ research of

Phillips catalyst mimicking industrial conditions employing techniques such as in

situ diffuse reflectance IR Fourier transform spectroscopy [72�74] to name one,

but more research is needed to fully understand the properties of the active chro-

mium sites [75].

14.5 Summary

Powder oxides play an essential role in vital technological processes in the past and

will continue in the future. At the same time, the understanding of the role of the

metal oxide in the catalyzed reaction and the factors and mechanism of catalyst

deactivation is essential knowledge to optimize the processes. In many cases the

rapid development of the industrial process precedes the full understanding of the

intrinsic of the reaction. The use of new characterization tools and the research

focus on the understanding of processes will help to advance the knowledge of the

metal powders as catalytic agents.

Figure 14.5 SEM micrographs of Cr/silica aerogel: (A) 50 and (B) 500 μm.

Source: Reproduced with permission from E. Ahmadi, Z. Mohamadnia, S. Rahimi, M.H.

Armanmehr, M.H. Heydari, M. Razmjoo, Phillips catalysts synthesized over various silica

supports: characterization and their catalytic evaluation in ethylene polymerization,

Polyolefins J. 3 (2016) 23�36 [71].
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15.1 Introduction

The term “heavy metal” refers to metallic elements and metalloids having an

atomic density greater than 5 g/cm3. Lead (Pb), cadmium (Cd), zinc (Zn), mercury

(Hg), arsenic (As), and chromium (Cr) are examples of heavy metals that are

known to be extremely toxic even at low concentrations since they cannot be

degraded or destroyed. Indeed, heavy metal ions can bioaccumulate in plants and

animals when exposed to a polluted environment, especially in the aquatic environ-

ment [1]. The ions can also be transferred to humans through the consumption of

these contaminated plants and animals, which can ultimately lead to bioaccumula-

tion in humans [2]. Moreover, children are susceptible and are affected more by the

toxicity of heavy metal ions compared to adults. The higher dose of heavy metal

ions among children can lead to organ damage and can promote neurotoxicity,

which may, in turn, cause behavioral disorders to eventuate (refer to Table 15.1).

For example, the consumption of lead can lead to learning problems, impaired

growth, and neuropsychological development in children.

Notwithstanding, some heavy metals such as Cr (hexavalent Cr) and Cd are car-

cinogenic [3]. Therefore by acknowledging the hazard posed by heavy metal ions,
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it is crucial to investigate how to detect and remove heavy metal ions from the

environment. Table 15.1 displays examples of the various sources of heavy metals

pollution. As can be seen in the table, the primary source originates from industrial

activities, possibly from those establishments that have inadequate or improper

wastewater monitoring and treatment facilities. Monitoring can be achieved by pro-

viding portable sensors that can measure heavy metal concentrations in real time.

Incorporating nanostructured metal oxide into such sensors can also lead to substan-

tial improvement in the performance of the sensors, particularly regarding their sen-

sitivity, selectivity, and detection capabilities. Portable sensors can also be used to

measure the concentration of heavy metals in situ at the point of discharge. Hence,

Table 15.1 The list, sources, and guide line value of hazardous heavy metal [1,3].

Heavy

metals

Limit

value

(mg/L)

Toxicity Sources

As 0.01 Causes skin damage, cancer,

neurobehavior sickness

Coloring agent in textile, wall

paper, and toy-making

industry

Cd 0.003 Kidney damage, cancer, and

obstructive lung disease

Electroplating industry, battery

Cr 0.05 Diarrhea, skin and mucous

membrane irritation,

bronchopulmonary effects

and systemic effects

involving kidney, liver,

gastrointestinal tract, and

circulatory system

Electroplating, leather tanning,

and textile industry

Cu 2 Liver damage, insomnia Sewage effluent, fertilizers, and

pesticide

Ni 0.07 Nausea, chronic asthma, and

cancer

Electroplating, printing, silver

refineries, battery-

manufacturing industry

Zn � Depression, stomach cramps,

nausea, and vomiting

Electroplating, smelting, and

ore processing, as well as,

acid mine drainage, effluents

from chemical processes and

discharge of untreated

domestic sewage

Pb 2 Effect circulatory and nervous

system, impaired growth in

children, and induce learning

disabilities

Plastic, paint, pipe, steel,

lead�acid batteries, and

gasoline

Hg 0.006 Rheumatoid arthritis, effect

circulatory, and nervous

system

Thermometer, electrical

properties
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heavy metals released into the environment can be appropriately monitored and

controlled. In addition, biosensors, which also utilize metal oxide, can be used for

more sensitive detection capabilities. In biosensors, small molecules, proteins, or

enzymes can be integrated with metal oxide membrane or film to selectively bind

with the heavy metal ions for detection. Accordingly, sensitive yet-portable instru-

ments are indeed desirable for real-time measurement and continuous analysis,

monitoring, and control of heavy metal ions in wastewater.

Removal, on the other hand, can also benefit from the use of metal oxide pow-

ders. Metal oxides are known to be suitable absorbent materials and some oxides

can not only absorb but can also reduce certain heavy metal ions to their more

benign counterparts. As for the former, clay-based material, this material has been

used for decades to absorb heavy metal ions, whereas, for the latter, recent

advances in nanostructured metal oxides have exposed possibilities of removing the

extremely small concentrations of heavy metal ions from aqueous systems. This

chapter begins by describing the distribution of heavy metal ions in Malaysia, fol-

lowed by describing how oxide can be used to either detect or remove heavy metal

ions from polluted industrial wastewater.

15.2 Distribution of heavy metal in Malaysia

Water is essential for all living organisms. A 95% of water used for consumption in

Malaysia originates from inland river systems and hence keeping the river water

clean is essential. In Malaysia, the Department of Environment Malaysia (DOE) is

responsible for monitoring the water quality of rivers. Water quality is classified

into three categories: clean, slightly polluted, and polluted. Rivers are further classi-

fied into Class I, II, III, IV, or V based on the water quality index (WQI) and the

Interim National Water Quality Standards (NWQSs) for Malaysia. Class I repre-

sents the cleanest water and used for drinking water following treatment, while

Class V is the worst (only suitable for navigation). The WQI is based on six main

parameters; biochemical oxygen demand (BOD), chemical oxygen demand, ammo-

niacal nitrogen (NH3N), pH, dissolved oxygen, and suspended solids (SS) [4].

According to the report published by the DOE in 2017, in Malaysia of 474 river

systems, 216 (46%) were classified as clean rivers, 207 (43%) were slightly pol-

luted, and 51 (11%) were polluted [5].

Table 15.2 displays the trace of heavy metal ions in the water collected in

Peninsular Malaysia. As compared to the NWQS, heavy metals traced in the Jejawi

and Juru Rivers exceeded the permissible levels (except for the zinc concentration).

This observation is aligned with the annual report issued by the DOE [5], where

both the Juru and Jejawi Rivers are labeled as heavily polluted rivers [5]. The

source of pollutants may originate from nearby manufacturing industries such as

electroplating, pulp and paper, textiles, and food facilities. The concentrations of

As, Fe, Mn, and Ni found in the Kepayang River were considerable and, therefore,

301Metal oxide for heavy metal detection and removal



Table 15.2 Heavy metal concentration in water collected in Peninsular Malaysia.

Location Heavy metal concentration (mg/L) Sources Reference

As Cd Cr Cu Fe Hg Mn Ni Pb Zn

Jejawi River, Penang 3.44 0.14 0.20 0.05 � 0.01 � � 0.25 0.05 Rubber, pulp, paper,

electroplating, and metal

industrial

[6]

Juru River, Penang 3.38 0.17 0.12 0.05 � 0.02 � � 0.31 0.09 Rubber, pulp, paper,

electroplating, and metal

industrial

[6]

Muda River, Penang � 0.001 0.003 0.004 0.549 � � � 0.017 � Industrial area [7]

Jarak River, Penang � 0.002 0.003 0.005 0.011 � � 0.03 0.034 0.028 Industrial area [7]

Kerian River, Penang � 0.001 0.002 0.006 0.321 � � � 0.052 0.004 Industrial area [7]

Kongsi River, Penang � 0.001 0.002 0.005 0.018 � � � 0.007 0.002 Industrial area [7]

Kepayang River, Perak 0.288 0.001 � 0.102 5.679 � 4.673 0.106 0.001 0.057 Tin mining [8]

Selangor River, Selangor 0.0295 0.0004 0.0038 0.0094 1.734 � 0.093 0.0012 0.0039 0.0854 Industrial, tin-mining [9]

Klang Valley, Selangor 0.056 0.012 � � � � 0.281 � 0.006 � Ex-mining [10]

Klang River Basin,

Selangor

0.076 0 0 0.0016 0.312 0 � 0.0022 0 0.0013 Household, industrial

agriculture, and chemical

discharges

[11]

Langat River Basin,

Selangor

0.0035 0.0001 0.005 0.0035 0.264 0.002 � 0.0053 0.0002 0.0264 Household, industrial

agriculture, and chemical

discharges

[11]

Kuala Lipis, Pahang � � � 0.0038 0.5183 � 0.2957 � � 0.0053 Iron-mining [12]

Bukit Ibam, Pahang � 0.0013 � 0.011 0.0628 � 0.3715 � 0.005 0.1778 Ex-iron-mining [12]

NWQS for Malaysia 0.05 0.01 0.05 0.02 1 0.001 0.1 0.05 0.05 5 [5]

NWQS, National Water Quality Standard.



this river has been reported as slightly polluted by the DOE [5]. This result could

be due to the nearby mining industry [12,13].

Aside from water pollution, surface sediments have also become the main reser-

voir for hosting heavy metal pollutants [14]. The concentration of heavy metals

found in sediment collected in Peninsular Malaysia is summarized in Table 15.3.

As shown in the table, most contaminated sites of heavy metals are around mining

areas such as in the Kepayang River region, Kuala Lipis, Bukit Ibam, and

Pengerang. As mentioned earlier, humans can be exposed to heavy metal contami-

nation through the consumption of contaminated water and/or aquatic foods. The

latter is typically through the consumption of seafood; fish, mussels, and cockles

[20,21]. Table 15.4 shows the concentration of heavy metals found in freshwater

and marine fish muscles collected in Peninsular Malaysia. Among all, tilapia has

been reported to have the highest accumulation of As (3.4 mg/kg), Cu (4.1 mg/kg),

Zn (23.6 mg/kg), and Fe (100 mg/kg), whereas Mn (1.74 mg/kg) and Pb (12.44 mg/

kg) are high in mackerel and Cd in yellow stripe scad (0.66 mg/kg). Notably, the

red snapper has the highest Cr and Ni concentrations, with 4.205 and 1.587 mg/kg,

respectively.

From the distribution of the heavy metal data in water, sediment, and fish

(Tables 15.2�15.4) collected in Malaysia, it can be concluded that rather high con-

centration levels of heavy metal ions can be correlated to industrial activities near

the area. Although the contamination is not as severe, given it falls within the per-

missible limit. However, as mentioned, heavy metal ions can bioaccumulate and

hence monitoring and removing them entirely from the surrounding sources is

essential.

15.3 Heavy metal detection

The most acceptable method in determining heavy metal concentrations in indus-

trial wastewater is via “grab” sampling, followed by laboratory analysis. Several

analytical techniques have been used for quantification purposes, as shown in

Table 15.5 [28,29]. Although the listed instruments have the capability to detect

heavy metals, the required analysis is often time-consuming, needs skilled and

trained personnel, and is not suitable for on-site analysis. Moreover, there have

been numerous attempts made to develop portable sensors for monitoring heavy

metals from the point of discharge. For this purpose, electrochemical (EC) and bio-

logical sensors have gained significant interest and are the most promising for hea-

vy metal detection. Both types of sensors often incorporate nanostructured metal

oxides in the form of thin-film, nanoparticles, nanorods, or nanowires.

15.3.1 Electrochemical technique for detection of heavy metal

The EC technique for heavy metal removal is seen as one of the most preferred

methods because of its high detection sensitivity, low-cost instrumentation, and its
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Table 15.3 Heavy metal concentration in sediment collected in Peninsular Malaysia.

Location Heavy metal concentration (mg/kg) Sources Reference

As Cd Cr Cu Fe Mn Ni Pb Zn

Juru � 1.24 � 65.39 � � 29.25 29.97 442.19 Industrial area [15]

Langat River

Estuary

� � 13.80 � � � 42.13 20.12 22.34 Shipping,

industrial

effluent,

agriculture,

commercial

activities

[16]

Segantang

Garam, Kedah

� 1.25 � 34.79 � � 13.11 27.78 60.83 Jetty,

aquaculture,

paddy field

[15]

Kepayang River 1038.1 0.48 7.4 94.48 14,526.73 289.34 19.91 149.34 39.78 Tin mining [8]

Kuala Lipis 24 0.28 8.06 110 107,700 2359.23 2.93 56 105 Iron-mining [12]

Bukit Ibam 287.38 0.04 4.935 1548.25 135,262.50 3756.13 3.91 731.13 1607 Ex-iron-mining [12]

Bernam River � 0.62 14.90 � 315 � 5.30 � � Agriculture,

automobile

[17]

Puluh River,

Klang

� 1.37 � 35.48 � � 26.42 34.22 256.50 Jetty-receiving

domestic

waste.

Industrial area

[15]

Bagan Lalang,

Selangor

� 0.6 � 12.76 � � 10.09 8.46 75.38 Recreation,

agricultural

[15]

Sri Serdang

Pond

� 0.42 � 24.73 36,633 � 3.70 22.75 24 Domestic waste [18]



Lake Chini � 1.68 6.22 11.16 � � � � 53.01 Tourism, fishing [19]

Langat River

Basin

� 0.53 21.03 � 283 � 7.84 � � Industrial [17]

Pengerang 2.49 0.11 6.49 15.73 22,824.24 124.4 � 34.14 20.54 Bauxite-mining [13]

Tiga River,

Johor

� 1.4 � 13.9 � � 11.89 28.28 117.38 Jetty,

agricultural,

oil plantation

[15]

Minyak Beku,

Johor

� 1.65 � 37.64 � � 21.18 53.73 241.87 Jetty-receiving

domestic

waste,

shipping

[15]

Canadian

Council of

Ministers of

Environment

(2001)

5.9 0.6 37.3 35.7 � � 18 35 123 [12]



Table 15.4 Heavy metal concentration in freshwater and marine fish (muscle) in Peninsular Malaysia.

Fish species Location Heavy metal concentration (mg/kg) dry weight Sources Reference

As Cd Cr Cu Fe Mn Ni Pb Zn

Demersal fish

Barramundi (Lates

calcarifer:

siakap)

Pulau

Ketam

1.69 0.01 0.62 0.50 5.10 0.20 0.12 0.17 6.50 Fishery, tourism, Klang

River

[22]

Red snapper

(Lutjanus

campechanus:

merah)

Pulau

Ketam

1.79 0.01 4.21 0.53 19.99 0.65 1.59 0.39 5.57

Gray snapper

(Lutjanus

griseus)

Pulau

Ketam

0.46 0.01 1.25 0.55 11.16 0.41 0.61 0.23 5.79

Belanger’s

(Johnius

belangerii:

gelama

panjang)

Kapar � 0.06 � 0.66 � 0.54 � � 18.27 Coal electric power

station, agriculture

industrialization, and

urbanization

[23]

Mersing � 0.04 � 0.95 � 0.97 � � 13.12 Ship and boat

Pelagic fish

Indo-Pacific

tarpon

(Megalops

cyprinoides:

bulan-bulan)

Simpang

Empat,

Pulau

Pinang

� 0.004 0.22 0.07 3.13 0.003 0 0.23 1.35 Bukit Minyak industrial

area

[24]



Torpedo scad

(Megalaspis

cordyla:

cincaru)

Port

Dickson

� 0.05 � 1.4 � � � � � Tourism, shipping, oil

tankers, refineries

[25]

Terengganu

coastal

� 0.31 � 1.16 66.72 1.36 � 0.02 10.42 Zn-galvanic industries,

battery production

[26]

Mackerel

(Rastrelliger:

kembung)

Terengganu

coastal

� 0.25 � 0.57 66.15 1.74 � 0.73 9.39 Zn-galvanic industries,

battery production

Port

Dickson

� 0.09 1.16 2.15 � � � 12.44 � Tourism, shipping, oil

tankers, refineries

[25]

Yellowstripe scad

(Selaroides

leptolepis:

pelata kuning)

Terengganu

coastal

� 0.66 � 0.68 61.05 0.87 � 0.14 11.28 Zn-galvanic industries,

battery production

Port

Dickson

� 0.07 2.34 2.46 � � � 10.18 � Tourism, shipping, oil

tankers, refineries

[25]

Fringescale

sardinella

(Sardinella

fimbriata:

tambansisik)

Port

Dickson

� 0.1 1.42 3.21 � � � 8.34 � Tourism, shipping, oil

tankers, refineries

[25]

Freshwater

Asian redtail

catfish

(Hemibagrus

nemurus:

baung)

Kelantan

River

basin

� 0.02 � � � � 0.06 0.10 � Chemical fertilizer,

sand mining

[27]

Kelantan

River

basin

� 0.03 � � � � 0.09 0.06 � Chemical fertilizer,

sand mining

[27]

Galas River,

Kelantan

� � � 0.03 � 0.01 0.06 0.01 0.14 [20]

(Continued)



Table 15.4 (Continued)

Fish species Location Heavy metal concentration (mg/kg) dry weight Sources Reference

As Cd Cr Cu Fe Mn Ni Pb Zn

Catfish (Clarias

striatus: keli)

Simpang

Empat,

Pulau

Pinang

� 0.004 0.4 0.07 4.42 0.1 0.03 0.51 1.8 Bukit Minyak industrial

area

[24]

Langat

River

Basin

2.16 0.01 1.6 0.87 100 � 0.13 0.06 20.26 Household, industrial,

and agricultural

chemical discharges

[11]

Kelantan

River

basin

� 0.01 � � � � 0.06 0.08 � Chemical fertilizer,

sand mining

[27]

Silver Barb

(Barbonymus

gonionotus:

lampam jawa)

Simpang

Empat,

Pulau

Pinang

� 0.005 0.44 0.1 � 0.17 0.04 0.46 2.23 Bukit Minyak industrial

area

[24]

Kelantan

River

basin

� 0.05 � � � � 0.06 0.07 � Chemical fertilizer,

sand mining

[27]

Kelantan

River

basin

� 0.03 � � � � 0.1 0.1 � Chemical fertilizer,

sand mining

[27]

Galas River,

Kelantan

� � � 0.02 � 0.01 0.07 0.01 0.31 � [20]



Tilapia

(Oreochromis

mossambicus)

Simpang

Empat,

Pulau

Pinang

� 0.004 0.6 0.2 24.34 0.83 0.01 0.72 2.9 Bukit Minyak industrial

area

[24]

Langat

River

Basin

0.8 0.01 1.42 0.73 100 � 0.1 0.05 5.8 Household, industrial,

and agricultural

chemical discharges

[11]

Klang River

Basin

3.4 0 0.2 4.1 41.6 � 0.12 0.4 23.6 Household, industrial,

and agricultural

chemical discharges

[11]

Beranang

Mining

Pool,

Kelantan

� 0.02 � 0.03 � � � 0.05 0.43 Mining [20]

Bronze

featherback

(Notopterus

notopterus:

belida)

Simpang

Empat,

Pulau

Pinang

� 0.004 0.6 0.08 6.35 0.3 0.08 0.5 2.63 Bukit Minyak industrial

area

[24]

Kelantan

River

basin

� 0.03 � � � � 0.18 0.08 � Chemical fertilizer,

sand mining

[27]

Malaysian Food Act 1983 1 1 1 30 � � � 2 100



Table 15.5 Comparison between the common heavy metal detection techniques.

Equipment Description Advantages Disadvantages Sample limitation

ICP-MS � Combination of mass

spectrometer with high

temperature ICP source
� ICP source transforms the

elements’ atoms in the sample

into ions. These ions are

detached and identified by the

mass spectrometer
� Measures an atom’s mass by

MS

� Wide elemental

coverage with

excellent sensitivity
� Excellent low

detection limit for

most elements
� Simple spectra
� Isotopic analysis
� Large linear dynamic

working range

� Small linear range
� Incapability to

handle sample

with high level of

salt contain

� Samples must be diluted in

acid before analysis to

dissolve the element of

interest

ICP-OES � Uses an emission spectrum to

identify and quantify the

existing elements in the sample
� The characteristic of constituent

elements can be obviously

recognized by the emission

lines
� Quantitation is based on

measurement of excited atoms

and ions at the wavelength

features for the specific

elements being measured

� Has higher tolerance

for total dissolved

solid than ICP-MS

� Relatively poor

limit of detection
� Many spectral

interferences

� No isotope analysis



IC � Technique of separation and

determination of trace metals
� Useful to measure concentration

of cations and anions

� Can analyze

nonmetals such as

ion fluoride and

chloride
� Detects and analyzes

multiple samples

concurrently

� Causes lots of

chemical waste,

long run times,

can be

interferences from

sample matrix

� Soil, sediment, and geological

sample preparation is more

complex

NAA � During the reactions, the

number of rapid gamma rays

released from the sample is

proportional to the amount of

elements

� Nondestructive

method for

identifying and

quantitating trace

elements

� Expensive and

required a nuclear

reactor

� Cannot accomplish analysis

on the certain elements such

as carbon and oxygen

AAS � Uses flame and furnace

spectroscopy for trace metal

analysis
� Comprises the light absorption

of elements concentration by a

radiation source such as lamp
� A monochromator is used to

select only one wavelength

elements of the determined

element, while detector

measures amount of elements

absorption

� High selectivity and

sensitivity
� Low spectral

interference
� No sample

preparation required

� Interference can

occur from sample

matrix
� Can run only one

element at a time

� Most AAS practices are more

focused on liquid analysis

than solids. This is because

before it can be analyzed, the

substance has to be vaporized

(Continued)



Table 15.5 (Continued)

Equipment Description Advantages Disadvantages Sample limitation

XRF � X-rays as main excitation

source frequently provided by

X-ray tubes or radioisotope

which initiated sample’s

elements emit secondary X-ray

of wavelength properties
� The elements in the sample are

characterized by the emitted X-

ray wavelength and the X-ray

intensity provides the

concentrations of elements

� One of the best

elemental analysis in

all kinds of samples

such as liquid, solid,

and loose powder
� Minimal or no

sample preparation

� Expensive because

requires laboratory

analysis for

semiquantitative

analysis

� No isotope analysis

AFS � The spectroscopic process is

based on the absorption by an

atomic vapor of certain

radiation wavelength with

subsequent deactivation of the

detector’s excited atoms

� Low spectral

interference
� High selectivity

� Not all compounds

fluorescence

� Contamination of sample can

reduce the fluorescence and

give incorrect result

AAS, Atomic Absorption Spectrometry; AFS, atomic fluorescence spectrometry; IC, ion chromatography; ICP-MS, inductively coupled plasma mass spectroscopy; ICP-OES,
inductively coupled plasma optical emission spectrometry; NAA, neutron activation analysis; XRF, X-ray fluorescence spectrometry.



Table 15.6 Nanoparticle-modified electrodes with their limit of detection.

Modified electrode Electrolyte pH Analyte Limit of

detection

Sensitivity

(µA/µM)

Technique Real sample Reference

GO/[Ru(bpy)3]
21/Au Citrate buffer 5.0 As(III) 2.30 nM 23.6 DPV Cauvery river

and tap water

[39]

Cd(II) 2.80 nM 17.51

Hg(II) 1.60 nM 31.43

Pb(II) 1.41 nM 34.74

Bi/Fe2O3 NPs/G/GCE Acetate buffer 4.5 Cd(II) 0.08 μg/L � DPASV Tap water [36]

Pb(II) 0.07 μg/L
Zn(II) 0.11 μg/L

Fe3O4 NPs/TA/GCE Acetate buffer 5.0 Cd(II) 0.2 μM 12.15 SWASV Yamuna river

water

[40]

Hg(II) 0.3 μM 13.81

Pb(II) 0.04 μM 8.56

SnO2/rGO/GCE NaAc/HAc buffer 5.0 Cd(II) 0.1015 nM 18.4 SWASV � [38]

Cu(II) 0.2269 nM 14.98

Hg(II) 0.2789 nM 28.2

Pb(II) 0.1839 nM 18.6

ZnO/rGO/GCE NaAc/HAc buffer 5.0 Cd(II) 0.04 μM � SWASV � [37]

Cu(II) 0.03 μM
Hg(II) 0.06 μM
Pb(II) 0.03 μM

AuNPs/SPCE Britton�Robinson

buffer

7.0 Cu(II) 1.4 ng/L 3.52 SWASV Tap water [41]

Pb(II) 2.1 ng/L 5.94

Bi/MWCNT�EBP

�NA/GCE

Acetate buffer 5.5 Cd(II) 0.06 μg/L � SWASV Soil [32]

Pb(II) 0.08 μg/L
BiNPs/ITO Acetate buffer 4.5 Pb(II) 2.5 μg/L � DPASV � [33]

3D G/BiNPs film/GCE NaAc/HAc buffer 5.0 Cd(II) 0.05 μg/L � SWASV Lake and tap

water

[34]

Pb(II) 0.02 μg/L

Au, gold; Bi, bismuth; DPASV, differential pulse anodic stripping voltammetry; DPV, differential pulse voltammetry; EBP, emeraldine base polyaniline; G, graphene; GCE, glassy carbon electrode; GO,
graphene oxide; ITO, indium tin oxide; MWCNT, multiwalled carbon nanotube; NA, Nafion; NaAc/HAc, sodium acetate�acetic acid; NPs, nanoparticles; rGO, reduced graphene oxide; SPCE, screen
printed carbon electrode; SWASV, square wave anodic stripping voltammetry; TA, terephthalic acid.



ability to accurately detect heavy metal ions [30]. Among the various EC techni-

ques, the anodic stripping voltammetry (ASV) method is the most reported for hea-

vy metal ions detection. This technique is performed in combination with pulse

voltammetry (PV) techniques such as differential pulse ASV and square wave ASV

(SWASV). Moreover, they are performed using three electrodes: a working elec-

trode, a reference electrode, and a counter electrode. This method is carried out by

supplying potential current and measuring the current produced at the working elec-

trode. The working electrode plays a crucial role in the EC cell as the redox reac-

tion occurs at the interface between the working electrode and the electrolyte

(analyte ions). Therefore the selection of material for the working electrode is para-

mount for a redox reaction to occur.

Previously, mercury was used as the working electrode. Even though mercury

has significant advantages concerning sensitivity, it is highly toxic. Hence, bismuth

(Bi) was introduced by researchers to replace mercury given Bi is more

environment-friendly and less toxic [31�34]. Electrodes made of gold and silver

have also been investigated for their suitability as a sensor for heavy metal detec-

tion [35]. Recently, working electrodes have been modified with nanomaterials,

especially metal oxide such as hematite (Fe2O3) [36], zinc oxide (ZnO) [37], and

tin oxide (SnO2) [38], in order to enhance the detection limit and selectivity of the

electrode for heavy metal ion detection as shown in Table 15.6.

Fig. 15.1 displays an illustration in modifying a commercial working electrode

with nanostructure materials such as nanoparticles and nanoflakes. These nanostruc-

tures enable fast electron transfer at the working electron that enhances both the

sensitivity and specificity of detection. As shown in the table, the SWASV tech-

nique is the most widely used method for heavy metal detection, given it has a

Figure 15.1 Typical electrochemical electrode: (A) commercial screen printed electrode by

DropSens, (B) nanoparticles for working electrode modification, and (C) oxide nanoflakes

for working electrode modification.
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faster potential scan rate compared to differential PV [42]. As such, utilizing such

sensors will allow for the detection of heavy metal ions in real-time situations as

well the benefit of their portability, thereby enabling analysts to perform accurate

measurements at any point of discharge.

15.3.2 Biosensor

Biosensors such as EC, optical, and electrical have also been developed for the

detection of heavy metal ions in contaminated water [43]. Aptamer-based biosen-

sors are fast becoming popular, given their precise detection capability and defined

three-dimensional structures. Aptamers are oligonucleotide (ssDNA or ssRNA) or

peptide molecules of size less than 25 kDa [44]. Moreover, they can detect specific

target molecules with high affinity and specificity [45]. EC biosensors are of signif-

icant interest in the detection of heavy metal ions given their advantages; high sen-

sitivity, rapid detection, miniature in size, easy to handle, and low cost [46]. EC

biosensors are constructed using two or three electrodes as an EC cell, which can

then transfer a biological event as an EC signal [47]. Typically, EC biosensors will

generate a measurable current (amperometric/voltammetric detection); measurable

potential or charge accumulation (potentiometric detection); measurable potential or

charge accumulation (amperometric/voltammetric detection); measurable potential

or charge accumulation (potentiometric detection); measurable conductive proper-

ties of a medium (conductometric detection) between the electrodes [46]; or a mea-

surable impedance (impedimetric detection) [48]. The detection limit of a peptide

aptamer�based EC sensor for heavy metal ions detection is shown in Table 15.7.

Furthermore, optical biosensors comprise sensors that can capture signals of

ultraviolet (UV), visible, and infrared radiations from a chemical/biological/physi-

cal reaction or event and transform them into a different energy form. Optical

biosensors are classified as colorimetric, fluorimetric, bioluminescence-based,

chemiluminescence-based, and surface plasmon resonance-based sensors, based on

the light source [59]. These optical biosensors are commonly used in heavy metal

detection with the limit of detection (LOD) in the nanomolar range [60,61]. On the

other hand, the ion sensitive field-effect transistor (FET) was created to measure

ionic in-fluxes and ex-fluxes at nerve membranes [62]. FET biosensors are one of

the electrical sensors and are easy to construct, given their compatibility with com-

plementary metal-oxide semiconductor technology. However, only a few FET bio-

sensors have been produced for heavy metal detection as most FET biosensors are

used to detect protein, DNA, and viruses. In the detection of heavy metals, peptide

aptamer�based single-walled carbon nanotube FETs have provided LOD in the

picomolar range [63], and DNA aptamer�based graphene FET results in the nano-

molar range [64]. Moreover, silicon nanowire FETs have recently attracted signifi-

cant attention as a promising instrument in biosensor design due to their

ultrasensitivity, selectivity, are label-free, and given their real-time detection capa-

bilities [65]. However, FET biosensors have disadvantages, because the sensitivity

is lost when samples have a high ionic concentration as it shortens the Debye length

[66]. Consequently, several strategies have been proposed to address the limitation
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Table 15.7 Peptide aptamer�based electrochemical sensor for heavy metal detection.

Modified electrode Electrolyte pH Analyte Redox

active

indicator

Limit of

detection

Sensitivity Technique Real sample Reference

Au(Fc-GSH)/Cd21 PBS buffer 7.0 Cd(II) Fc 0.1 nM � CV Water [49]

Au/MPA�GSH/Cd21 Ammonium

acetate and

MES buffer

7.0 and

6.8

Cd(II) � 5 nM � OSWV Water [50]

Au/MPA�HSQKVF/Cd21 Ammonium

acetate and

MES buffer

7.0 and

6.8

Cd(II) � 0.9 nM � OSWV Water [51]

Au/MWCNT/dipeptide/

Cd21
Borate buffer 3.0 Cd(II) � 27.49 nM 63 1026 A/

ppm

CV Waste water [52]

Au/MPA�angiotensin/

Pb21

Au/TA�angiotensin/Pb21

Ammonium

acetate

buffer

7.0 Pb(II) � 1 nM

1.9 nM

� OSWV Lake Bedford,

Sydney

Park,

Australia

[51]

Au/PTAA/TNTLSNN/Pb21 Ammonium

acetate

buffer

3.5 Pb(II) � 1 nM � CV, SWV Han River,

Seoul

[53]

Au/CTNTLSNNC

(�S�S�)/Pb21
Ammonium

acetate and

MES buffer

3.5 and

6.8

Pb(II) � 1 nM � SWV Tap water [54]

Au/MPA�HFHAHFAF/

Hg21
Na2SO4 and

MES buffer

7.0 and

5.5

Hg(II) � 9.5 nM 53 1027 A/μM CV Waste water [55]

Au/MWCNT/dipeptide/

Hg21
Acetate buffer 2.0 Hg(II) � 0.9068 nM 83 1027 A/

ppm

CV Waste water [52]

Au/MT/Hg21 Tris buffer 7.4 Hg(II) � 80 nM � CSDPV � [56]

Pt/CNTs/leucine/Nafion/

As31
Citrate buffer 5.0 As(III) � 1.67 nM 20.7 μA μM CV Waste water [57]

Carbon/MT/As31 Tris buffer 7.4 As(III) � 370 nM � CV, ASV � [58]

ASV, Anodic stripping voltammetry; Au, gold; CSDPV, cathodic stripping differential pulse voltammetry; CTNTLSNNC, Cys�Thr�Asn�Thr�Leu�Ser�Asn�Asn�Cys; CV, cyclic voltammetry; Fc, ferrocene; Fc-GSH, ferrocenyl
glutathione; HFHAHFAF, His�Phe�His�Ala�His�Phe�Ala�Phe; HSQKVF, His-Ser-Gln-Lys-Val-Phe; MES, N-morpholino-ethanesulfonic acid; MPA, 3-mercaptopropionic acid; MT, metallothioneins; MWCNT, multiwalled carbon
nanotube; OSWV, Osteryoung square wave voltammetry; PBS, phosphate buffered saline; Pt, platinum; PTAA, poly thiophene acetic acid; SWV, square wave voltammetry; TA, thioctic acid; TNTLSNN, heptapeptide; Tris, tris-hydroxymethyl-
aminomethane.



of FETs in higher ionic strength solutions or to gain adequate sensitivity to enable

detection by merely diluting the sample [67]. One alternative strategy has been pro-

posed to explore different nanoelectronic configurations of the sensing elements

and measurement modes. Utilizing memristive biosensor is one strategy.

Accordingly, the initial concept of the memristor was introduced in 1971 by

Chua [68]. Following this theoretical prediction, many researchers have since

explored the memristive biosensor. Moreover, there are several device configura-

tions that can be employed with metal oxide as the resistive membrane. Among the

metal oxides, titanium oxide (TiO2) has been commonly employed due to its robust-

ness and functional properties such as good memristance behavior. Nevertheless,

several other transition metal oxides such as ZnO and tantalum (V) oxide have also

been explored. A sketch of a typical memristor biosensor utilizing Pt/TiO2/conduct-

ing glass [In SnO2 (ITO)] configuration is shown in Fig. 15.2. This type of biosen-

sor has a high potential to be used in heavy metal detection once the surface

modification is undertaken whereby sensitive-to-heavy metal ions are incorporated

into the TiO2 layer.

Nonetheless, there have been numerous attempts to develop portable sensors for

monitoring heavy metals in industrial wastewater. The development of metal oxide

nanomaterials for small, portable sensor devices is advantageous for in situ analyti-

cal monitoring techniques with continuous analysis of industrial wastewaters.

Likewise, the incorporation of metal oxide nanostructures into the sensors enhances

Figure 15.2 A proposed memristor biosensor structure for detection of metal ions.
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the performance of the devices. Moreover, biomolecules have been integrated with

a metal oxide to selectively bind heavy metals for molecular recognition probes.

15.4 Heavy metal ions removal

As mentioned earlier in this chapter, heavy metal pollution in wastewater is a sig-

nificant issue that needs urgent attention in resolving. Without doubt, heavy metal

pollutions from industrial wastewater can severely impact the water quality and are

harmful to the environment and aquatic life but most importantly, the health of

local communities. In the previous section, several metal oxide�based sensors have

been suggested as probable portable devices to monitor heavy metal ions from the

point of discharge in real-time situations. Frequently, in industrial facilities having

wastewater laden with heavy metals needs to be subjected to treatment to ensure

that the impurities are reduced to legal limits before discharging into the

environment.

Generally, conventional water treatment processes consist of several steps. The

initial step is the primary treatment, which is undertaken in order to separate solids

and greases from the wastewater. Then, a biological treatment (secondary treat-

ment) process is performed to eliminate the dissolved organic material. At this

stage, BOD, total SS, and a small amount of nitrogen, phosphorus, and heavy

metals are removed. Finally, the tertiary treatment process is conducted to further

improve the quality of the effluent obtained from the primary and secondary treat-

ment processes. At this stage the dissolved heavy metal ions are normally treated.

The methods for the removal of heavy metal ions are listed in Table 15.8, highlight-

ing the advantages and disadvantages of each technique. Powder oxide is often

used as an adsorbent or photocatalyst. However, not all heavy metals can be

removed via these processes and are often a mixture of techniques being used since

the nature of wastewater is complex.

Metal oxides have surface properties that allow excellent ions absorption in an

aqueous system. Further, some oxides have semiconducting properties enabling

them to absorb and reduce heavy metal ions to their more benign counterparts.

Metal oxides such as Fe2O3 or maghemite (Fe3O4) have been used as an adsorbent,

whereas TiO2 and zirconia oxide (ZrO2) have been used as both adsorbent and

photocatalyst where specific metal ions can be adsorbed and reduced on their sur-

faces under light irradiation [85�87]. More traditional oxides such as montmoril-

lonite, bentonite, and kaolinite are also known to be effective adsorbent materials

as discussed in the next section.

15.4.1 Adsorption method

The adsorption method is perceived as a flexible, simple, and easy method to

employ compared to other technologies for heavy metal wastewater treatment

[69,88]. Generally, there are two types of adsorption mechanisms: physical and
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Table 15.8 Comparison between various methods for heavy metal treatment in

wastewater.

Method Advantage Disadvantage Reference

Adsorption � Sorbent like clay is

abundant
� Low cost
� Ease of condition for

operating
� Can be used to

remove high

concentration of heavy

metal ions

� Low selectivity
� Production of waste

products
� Limited tolerant for

pH range
� Performance depends

on the type of

adsorbent
� Efficiency depends

on production of

waste products

[69]

Ion exchange � High removal

efficiency
� Regeneration of the

sorbent
� Reduction of chemical

or biological sludge

� Requires

regeneration of ion

exchange resin
� High operating cost
� Requires difference

in affinity of ions in

resin and ions to be

removed

[70]

Chemical

precipitation

� High concentration of

heavy metal ions can

be removed
� Simple operation
� Low capital cost

� Leads to further

pollution due to

large amount of

chemicals usage in

order to reduce metal

ions to an

acceptable limit for

discharge
� Mix metal is difficult

to remove

[71]

Photocatalysis � Near-complete heavy

metal ions removal
� Can use

nanostructured metal

oxide for higher

reactivity and near-

complete removal
� Can also achieve

100% reduction/

removal efficient on

certain nanostructured

metal oxide surfaces

or modified metal

oxide surface (e.g.,

coupled with

graphene)

� Only possible with

minute/low

concentration heavy

metal ions
� Not all heavy metal

ions can be reduced;

knowledge in

thermodynamics is

needed
� Only as final

polishing step
� Requires light as to

promote catalytic

processes on the

surface of the oxide

[72�74]

(Continued)
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chemical. Physical adsorption is a process in which binding of adsorbate on the

adsorbent surface is caused by van der Waals forces of attraction. Here, the elec-

tronic structure of the atom or molecule is hardly disturbed upon physical adsorp-

tion. van der Waals forces originate from the interactions between induced,

permanent, or transient electric dipoles. Although physical adsorption can only be

observed in the low-temperature environments, and under appropriate conditions in

Table 15.8 (Continued)

� Ease of operation � pH-dependent

process
� Mix metal ions are

also difficult to be

treated

Forward osmosis � High efficiency in

removing heavy

metals
� Low energy process
� Low fouling rate
� Satisfactory for pure

water permeation

� Still in infancy stage
� Requires higher flux

rates
� Prone to ineffective

membranes and

reverse solute

leakage

[75�78]

Electroflotation � Can operate

efficiently for very

dilute solutions
� Popular for its

adaptability and

simplicity in design

and operation
� Low running costs

� Must be combined

with

electrocoagulation

for higher removal

efficiency

[79�81]

Electrocoagulation � Simple and productive

technology
� Environment-friendly

technique because it

uses electrons as

reagents which are

clean

� Possibility of sludge

generation
� High chemical

utilization

[79,82]

Membrane

filtration

� High efficiency
� Reuse of water, salts,

and heat
� Simple technique

� High operational

cost due to

membrane fouling
� Generation of sludge
� Depends on the size

of the membrane

[83,84]

Electrochemical � Fast process
� Requires fewer

chemicals in the

system
� Less sludge produced

� Large chemical

investment
� Expensive method
� Chemical used can

introduce another

sort of pollution

[84]
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which gas-phase molecules form multilayer adsorption. Commercial adsorbents uti-

lize physical adsorption for its surface binding.

Moreover, chemical adsorption involves a chemical reaction between the adsor-

bent and the adsorbate. The intense interaction between the adsorbate and the sub-

strate surface creates new types of electronic bonds. The adsorbate can also form a

monolayer that is utilized in catalytic operations. Three steps are involved during

the adsorption process: (1) transport of the pollutant from the bulk solution to the

sorbent surface, (2) adsorption on the active site of the particle surface, and

(3) transport within the sorbent particle [2]. The efficiency of the adsorption method

is notably influenced by the surface area, pore size distribution, functional group,

and the polarity of the absorbent [88]. However, cost-effective natural adsorbent is

usually preferred.

Notwithstanding, various types of adsorbents have been highlighted for the

adsorption process in which they are used to remove selected heavy metals, as

shown in Table 15.9. Many studies have been conducted investigating the removal

of various heavy metal ions employing natural clays. Nevertheless, for comparison,

cellulose, cellulose acetate, and activated carbon are included in the table.

15.4.2 Photocatalyst

Photocatalysis is a promising technique for a simple, clean, and effective treatment

of organic pollutants and heavy metal ions. Photocatalysts are often used to oxidize

or reduce hazardous pollutants. Examples of oxide semiconductor photocatalysts

are TiO2 [106�110], ZrO2 [74,87], niobium pentoxide (Nb2O5) [111�113], and

copper oxide (CuO) [114,115]. Moreover, oxide semiconductors have favorable

electronic structures that are characterized by a filled valence band (VB) and an

empty conduction band (CB) having excellent light absorption properties for elec-

trons/holes generation on their surfaces [2]. When light energy [equivalent or

greater than the semiconductor bandgap (Eg)] is illuminated on the oxide semicon-

ductor, electron/hole pairs are formed in the CB and VB of the oxide, respectively.

The reduction can occur when electrons are transferred from the CB to adsorb the

heavy metal ions. The reduction process, however, must be accompanied by an oxi-

dation process where holes in the valance band are expected to oxidize water

(Fig. 15.3). Table 15.10 shows an example of metal oxide used for heavy metal

removal from water/wastewater.

Nevertheless, not all metal ions can be reduced by oxide photocatalysts.

Wahyuni et al. [123] investigated the capability of TiO2 to remove Cu(II), Cd(II),

Cr(VI), and Pb(II) under UV irradiation. Here, Cr(VI) was shown to be mostly

removed (75%), followed by Cu(II) (45%), Pb(II) (40%), and Cd(II) (18%).

Therefore this indicates that Cr(VI) can be reduced effectively but not Cd(II). The

effective removal of Cr(VI) from contaminated solution was also investigated by

Bashirom et al. [106] where almost 99.8% of Cr(VI) was removed within 120 min-

utes on nanostructure TiO2. The removal of Cr(VI) is said to be via reduction to Cr

(III) on the surface of the oxide. Unlike Cr(VI), Cr(III) is benign and can be easily

removed via precipitation in the treated water [109]. In this case, it appears that the
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reduction process on the oxide photocatalysts is pH-dependent [124]. The optimum

photocatalytic performance of TiO2 for Cr(VI) removal is at pH 2 [125], Cu(III) at

pH 2�3.5 [123], and Hg(II) at pH 4�4.1 [126], which is related to the point-zero-

charge of the oxide and thus causing the ability of the oxide to absorb the metal

ions.

Table 15.9 Adsorption rate of different materials on specific heavy metal.

Adsorbent Adsorption rate (mg/g) Reference

Cu Cd Hg Ni Zn

Cellulose acetate 258.75 [89]

Activated carbon 40.12 [90]

Modified cellulose 83.60 [91]

Zeolite 23.25 10.87 12.85 [92]

Ball clay 27.27 [93]

Montmorillonite 6.30 [94]

Montmorillonite 154.60 [95]

Kaolinite 41.84 [96]

Kaolinite 10.78 [97]

Kaolinite 2.10 [98]

Kaolinite 4.95 [99]

Bentonite 11.20 [94]

Bentonite 92.59 [100]

Bentonite 68.49 [101]

Cellulose2 chitosan

composite

65.80 [102]

Natural clay 44.84 [103]

Cellulose/ZrO2 79.00 [104]

Chitosan 75.00 [105]

Figure 15.3 Schematic diagram of photocatalytic process.
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Table 15.10 Metal oxide for heavy metal removal from water/wastewater.

Type of metal

oxide

Target metal Light

sources

Catalyst

dosage (g/L)

C0 (µg/
L)

pH Time

(min)

Hole

scavenger

Description Reference

TiO2 Zn(II), Cd(II), Pb

(II), Ni(II)

0.01, 0.1, or

0.5

500 8 120 � � Nanoparticles were able to

simultaneously remove multiple metals (Zn, Cd,

Pb, Ni, and Cu)

[116]

TiO2 hollow

sphere

Cr(VI) UV 0.03 5 2.82�4.92 120 � � Photoreduction of Cr(VI) at pH 2.82 is 96% for

TiO2 with a size of 450 nm

[117]

TiO2 Cr(VI) Sunlight 2 20 2.2 120 Tartaric

acid

� Photoreduction of Cr(VI) is 100% in the presence

of tartaric acid as scavenger compared to without

scavenger (33% after 180 min)

[118]

Nb2O5/carbon

fiber

Cr(VI) UV 0.05 100 60 Oxalic

acid

� Photoreduction of Cr(VI) is 99.9% and no

significant decrease in

photocatalytic performance after 10 repeated

cycles

[119]

Nb2O5/CuO Cr(VI) UV and

visible

0.01 50 6 210 � � 10% CuO on Nb2O5 provided the best

photoreduction activity, with 84% reduction of Cr

(VI)

[114]

Nb2O5 nanorods Cr(VI) UV 0.1 100�150 2�12 50�60 Oxalate

acid

� Photoreduction of Cr(VI) is 94.5% [Cr(VI)

concentration of 100 ppm] and 90% [Cr(VI)

concentration

150 ppm] after photoreaction for 50 and 60 min,

respectively

[120]

rGO-modified

ZnO nanorod

Cu(II) and Co(II)

ions

Visible 20 100 2�10 180 � � Adsorption efficiency Cu(II) increases from

9.7% to 96.9% and Co(II) increases from

11.7% to 90.1% with pH variation (2�10)
� rGO

[121]

TiO2/

ZnO�CaAlg

Cu(II) UV 1 10�80 3�9 120 � � Removal of Cu, ranging from 7.14 to 62.0 ppm

(first cycle). Bare CaAlg was only able to remove

6.9�48 ppm of similar initial Cu concentrations
� The highest removal of Cu(II) at 98.9%, which

was obtained at pHB7
� CaAlg

[122]

CaAlg, Calcium alginate; rGO, reduced graphene oxide; UV, ultraviolet.



Moreover, hole scavengers such as phenol, methanol, formic acid, salicylic

acid, and citric acid are often added to enhance the photocatalytic reaction

[127,128]. For instance, a study by Wang et al. [129] revealed the increase of

the reduction rate for Cr(VI) in the presence of scavenger in the following order:

citric acid (0.02439 minute21). salicylic acid (0.01267 minute21). phenol

(0.0087 minute21). blank (0.00598 minute21). The function of scavenger is to

suppress charge recombination, thus leading to the improvement of the photo

reduction.

15.5 Conclusion

Increasing heavy metal concentrations in water, soil, and aquatic life, as shown in

this chapter, cause damage, not only to the environment but also to human health

and animals. Therefore environmental regulations should be more stringent to

improve the quality of treated effluent that has been discharged into the river sys-

tems in Malaysia from various industries. Heavy metal detection and wastewater

treatment should be more focused on resolving these issues. Along with the devel-

opment of heavy metal detection technologies, the concentration of heavy metals in

the environment can be detected more readily, easier, conveniently, and efficiently.

The EC method and using portable biosensors are the most common methods to

detect heavy metals. However, it is important to note that some criteria used for

detection such as high sensitivity, rapid detection, easy to handle, and affordability

are usually highlighted as the most suitable methods. Most of these aspects also

used for the selection of heavy metal treatment, since treatment performance and

operational costs have become the primary factor in protecting the environment.

Therefore all factors should be considered in order to determine the most

suitable treatment to eliminate the majority of heavy metals in the environment.

15.6 Acknowledgments

Heavy Metal Mitigation project is supported by USM-Research University Grant for Toyohashi

University of Technology, Japan-USM Collaboration; 1001/PBAHAN/870048, 1001/PBAHAN/

870049, 1001/PCEDEC/870050, and 1001/PBAHAN/870051. On the other hand, author

acknowledges the financial support of the USM Fellowship Scheme, Universiti Sains Malaysia.

References

[1] S. Mishra, R.N. Bharagava, N. More, A. Yadav, S. Zainith, S. Mani, et al., Heavy metal

contamination: an alarming threat to environment and human health, in: R.C. Sobti, N.

K. Arora, R. Kothari (Eds.), Environmental Biotechnology: For Sustainable Future,

Springer, Singapore, 2019, pp. 103�125.

324 Metal Oxide Powder Technologies

http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref1


[2] M. Barakat, New trends in removing heavy metals from industrial wastewater, Arabian

J. Chem. 4 (4) (2011) 361�377.

[3] P.B. Tchounwou, C.G. Yedjou, A.K. Patlolla, D.J. Sutton, Heavy metal toxicity and the

environment, Molecular, Clinical and Environmental Toxicology, Springer, 2012,

pp. 133�164.

[4] N.W. Chan, Managing urban rivers and water quality in Malaysia for sustainable water

resources, Int. J. Water Resour. Dev. 28 (2) (2012) 343�354.

[5] DOE Malaysia, Environmental Quality Report 2017, 2017, p. 128.

[6] A.F.M. Alkarkhi, A. Ahmad, N. Ismail, A.M. Easa, Multivariate analysis of heavy

metals concentrations in river estuary, Environ. Monit. Assess. 143 (2008) 179�186.

[7] M.S. Alsaffar, M. Suhaimi Jaafar, N. Ahmad Kabir, Evaluation of heavy metals in sur-

face water of major rivers in Penang, Malaysia, Int. J. Environ. Sci. 6 (2016) 657�669.

[8] F.A. Affandi, M.Y. Ishak, Heavy metal concentrations in tin mine effluents in

Kepayang River, Perak, Malaysia, J. Phys. Sci. 29 (2018) 81�86.

[9] F. Othman, M.S.U. Chowdhury, W.Z. Wan Jaafar, E.M.M. Faresh, S.M. Shirazi,

Assessing risk and sources of heavy metals in a tropical river basin: a case study of the

Selangor River, Malaysia, Pol. J. Environ. Stud. 27 (2018) 1659�1672.

[10] I.B. Koki, K.H. Low, H. Juahir, M. Abdul Zali, A. Azid, S.M. Zain, Consumption of

water from ex-mining ponds in Klang Valley and Melaka, Malaysia: a health risk study,

Chemosphere 195 (2018) 641�652.

[11] W.C. Poon, G. Herath, A. Sarker, T. Masuda, R. Kada, River and fish pollution in

Malaysia: a green ergonomics perspective, Appl. Ergon. 57 (2016) 80�93.

[12] Z. Madzin, F.M. Kusin, F.M. Yusof, S.N. Muhammad, Assessment of water quality

index and heavy metal contamination in active and abandoned iron ore mining sites in

Pahang, Malaysia, MATEC Web Conf. 103 (2017) 05010.

[13] F.M. Kusin, N.N.M. Azani, S.N.M.S. Hasan, N.A. Sulong, Distribution of heavy metals

and metalloid in surface sediments of heavily-mined area for bauxite ore in Pengerang,

Malaysia and associated risk assessment, Catena 165 (2018) 454�464.

[14] S. Khodami, M. Surif, W.M. Wo, R. Daryanabard, Assessment of heavy metal pollution

in surface sediments of the Bayan Lepas area, Penang, Malaysia, Mar. Pollut. Bull. 114

(2016) 615�622.

[15] T. R. i Buhari, A. Ismail, Heavy metals pollution and ecological risk assessment in sur-

face sediments of west coast of Peninsular Malaysia, Int. J. Environ. Sci. Dev. 7 (2016)

750�756.

[16] N.F. Mokhtar, A.Z. Aris, S.M. Praveena, Preliminary study of heavy metal (Zn, Pb, Cr,

Ni) contaminations in Langat River Estuary, Selangor, Procedia Environ. Sci. 30

(2015) 285�290.

[17] S.A. Kadhum, M.Y. Ishak, S.Z. Zulkifli, R. Hashim, Evaluation of the status and distri-

butions of heavy metal pollution in surface sediments of the Langat River Basin in

Selangor Malaysia, Mar. Pollut. Bull. 101 (2015) 391�396.

[18] C.K. Yap, A. Jusoh, W.J. Leong, A. Karami, G.H. Ong, Potential human health risk

assessment of heavy metals via the consumption of tilapia Oreochromis mossambicus

collected from contaminated and uncontaminated ponds, Environ. Monit. Assess. 187

(2015) 584.

[19] A.K. Ahmad, M. Shuhaimi-Othman, Heavy metal concentrations in sediments and

fishes from Lake Chini, Pahang, Malaysia, J. Biol. Sci. 10 (2010) 93�100.

[20] Z.S. Baharom, M.Y. Ishak, Determination of heavy metal accumulation in fish species

in Galas River, Kelantan and Beranang Mining Pool, Selangor, Procedia Environ. Sci.

30 (2015) 320�325.

325Metal oxide for heavy metal detection and removal

http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref11
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref11
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref11
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref18
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref18
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref18
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref19
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref19
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref19
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref19


[21] A.A. Idris, A.K. Ahmad, Concentration of selected heavy metals in water of the Juru

River, Penang, Malaysia, Afr. J. Biotechnol. 11 (2012) 8234�8240.

[22] N. Nasyitah Sobihah, A. Ahmad Zaharin, M. Khairul Nizam, L. Ley Juen, K. Kyoung-

Woong, Bioaccumulation of heavy metals in maricultured fish, Lates calcarifer

(Barramundi), Lutjanus campechanus (red snapper) and Lutjanus griseus (grey snap-

per), Chemosphere 197 (2018) 318�324.

[23] F.H. Bashir, M.S. Othman, A.G. Mazlan, S.M. Rahim, K.D. Simon, Heavy metal con-

centration in fishes from the coastal waters of Kapar and Mersing, Malaysia, Turkish J.

Fish. Aquat. Sci. 13 (2013) 8.

[24] W. Fadhullah, U. Sains, W. Fadhullah, Preliminary study of heavy metals pollution in

freshwater fishes of Sungai Simpang Empat, Penang, J. Acad. 3 (2015) 48�65.

[25] S.M. Praveena, C.L.S. Lin, Assessment of heavy metal in self-caught saltwater fish

from Port Dickson coastal water, Malaysia, Sains Malays. 44 (2015) 91�99.

[26] M.N.R. Rosli, S.B. Samat, M.S. Yasir, Analysis of heavy metal accumulation in fish at

Terengganu coastal area, Malaysia, Sains Malays. 47 (2018) 1277�1283.

[27] R. Hashim, T.H. Song, N.Z.M. Muslim, T.P. Yen, Determination of heavy metal levels

in fishes from the lower reach of the Kelantan River, Kelantan, Malaysia, Tropical Life

Sci. Res. 25 (2014) 21�39.

[28] M.B. Gumpu, S. Sethuraman, U.M. Krishnan, J.B.B. Rayappan, A review on detection

of heavy metal ions in water—an electrochemical approach, Sens. Actuators B: Chem.

213 (2015) 515�533.

[29] J. Sneddon, M.D. Vincent, ICP-OES and ICP-MS for the determination of metals:

application to oysters, Anal. Lett. 41 (8) (2008) 1291�1303.

[30] O. Farghaly, R.A. Hameed, A.-A.H. Abu-Nawwas, Analytical application using modern

electrochemical techniques, Int. J. Electrochem. Sci. 9 (1) (2014).

[31] S. Lee, S. Bong, J. Ha, M. Kwak, S.-K. Park, Y. Piao, Electrochemical deposition of

bismuth on activated graphene-Nafion composite for anodic stripping voltammetric

determination of trace heavy metals, Sens. Actuators B: Chem. 215 (2015) 62�69.

[32] G. Zhao, Y. Yin, H. Wang, G. Liu, Z. Wang, Sensitive stripping voltammetric determi-

nation of Cd(II) and Pb(II) by a Bi/multi-walled carbon nanotube-emeraldine base

polyaniline-Nafion composite modified glassy carbon electrode, Electrochim. Acta 220

(2016) 267�275.

[33] K.A. Razak, T.J. Jian, Z.A. Zulkifli, N.M. Nor, N.S. Ridhuan, N.D. Zakaria, et al.,

Effect of hydrothermal reaction temperature on properties of bismuth nanoparticles and

its properties as modified electrode for Pb sensors, J. Phys. Conf. Ser. 1082 (2018)

012077.

[34] L. Shi, Y. Li, X. Rong, Y. Wang, S. Ding, Facile fabrication of a novel 3D graphene

framework/Bi nanoparticle film for ultrasensitive electrochemical assays of heavy metal

ions, Anal. Chim. Acta 968 (2017) 21�29.

[35] Y. Bonfil, M. Brand, E. Kirowa-Eisner, Characteristics of subtractive anodic stripping

voltammetry of Pb and Cd at silver and gold electrodes, Anal. Chim. Acta 464 (1)

(2002) 99�114.

[36] S. Lee, J. Oh, D. Kim, Y. Piao, A sensitive electrochemical sensor using an iron oxide/

graphene composite for the simultaneous detection of heavy metal ions, Talanta 160

(2016) 528�536.

[37] W. Liu, Preparation of a zinc oxide-reduced graphene oxide nanocomposite for the

determination of cadmium(II), lead(II), copper(II), and mercury(II) in water, Int. J.

Electrochem. Sci. 12 (2017) 5392�5403.

326 Metal Oxide Powder Technologies

http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref20
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref20
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref20
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref22
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref22
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref22
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref23
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref23
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref23
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref24
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref24
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref24
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref25
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref25
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref25
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref26
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref26
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref26
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref26
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref27
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref27
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref27
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref27
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref28
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref28
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref28
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref29
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref29
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref30
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref30
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref30
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref30
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref31
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref31
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref31
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref31
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref31
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref32
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref32
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref32
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref32
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref33
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref33
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref33
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref33
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref34
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref34
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref34
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref34
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref35
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref35
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref35
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref35
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref36
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref36
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref36
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref36


[38] W.J. Yi, Y. Li, G. Ran, H.Q. Luo, N.B. Li, Determination of cadmium(II) by square

wave anodic stripping voltammetry using bismuth�antimony film electrode, Sens.

Actuators B: Chem. 166�167 (2012) 544�548.

[39] M.B. Gumpu, M. Veerapandian, U.M. Krishnan, J.B.B. Rayappan, Simultaneous elec-

trochemical detection of Cd(II), Pb(II), As(III) and Hg(II) ions using ruthenium(II)-tex-

tured graphene oxide nanocomposite, Talanta 162 (2017) 574�582.

[40] S. Deshmukh, G. Kandasamy, R.K. Upadhyay, G. Bhattacharya, D. Banerjee, D. Maity,

et al., Terephthalic acid capped iron oxide nanoparticles for sensitive electrochemical

detection of heavy metal ions in water, J. Electroanal. Chem. 788 (2017) 91�98.

[41] P. Kanyong, S. Rawlinson, J. Davis, Gold nanoparticle modified screen-printed carbon

arrays for the simultaneous electrochemical analysis of lead and copper in tap water,

Microchim. Acta 183 (8) (2016) 2361�2368.

[42] R.M. Town, H. Emons, J. Buffle, in: R. Cornelis, J. Caruso, H. Crews, K. Heumann

(Eds.), Handbook of Elemental Speciation: Techniques and Methodology, John Wiley

& Sons, Ltd, England, 2003, pp. 427�460.

[43] M. Li, H. Gou, I. Al-Ogaidi, N. Wu, Nanostructured Sensors for Detection of Heavy

Metals: A Review, ACS Publications, 2013.

[44] G. Mayer, The chemical biology of aptamers, Angew. Chem. Int. Ed. 48 (15) (2009)

2672�2689.

[45] A.D. Ellington, J.W. Szostak, In vitro selection of RNA molecules that bind specific

ligands, Nature 346 (6287) (1990) 818.

[46] A. Chaubey, B. Malhotra, Mediated biosensors, Biosens. Bioelectron. 17 (6-7) (2002)

441�456.

[47] Z. Zhu, H.S. Zhou, Nanoparticles (NPs) for biosensing applications: current aspects and

prospects, The World Scientific Encyclopedia of Nanomedicine and Bioengineering I:

Volume 1: Noble Metal Nanoparticles for Biomedical Applications, World Scientific,

2017, pp. 177�209.

[48] A. Guiseppi-Elie, L. Lingerfelt, Impedimetric detection of DNA hybridization: towards

near-patient DNA diagnostics, Immobilisation of DNA on Chips I, Springer, 2005,

pp. 161�186.

[49] L. Sun, Q. Zhao, J. Xiang, J. Shi, L. Wang, S. Hu, et al., Adsorption of NO and NH3

over CuO/γ-Al2O3 catalyst by DRIFTS, J. Chem. Ind. Eng. Soc. China 2009 (2009)

444�449.

[50] E. Chow, D.B. Hibbert, J.J. Gooding, Voltammetric detection of cadmium ions at

glutathione-modified gold electrodes, Analyst 130 (6) (2005) 831�837.

[51] E. Chow, D.B. Hibbert, J.J. Gooding, Electrochemical detection of lead ions via the

covalent attachment of human angiotensin I to mercaptopropionic acid and thioctic acid

self-assembled monolayers, Anal. Chim. Acta 543 (1�2) (2005) 167�176.

[52] N.A. Rahman, N.A. Yusof, N.A.M. Maamor, S.M.M. Noor, Development of electro-

chemical sensor for simultaneous determination of Cd(II) and Hg(II) ion by exploiting

newly synthesized cyclic dipeptide, Int. J. Electrochem. Sci. 7 (1) (2012) 186�196.

[53] W. Su, M. Cho, J.-D. Nam, W.-S. Choe, Y. Lee, Highly sensitive electrochemical lead

ion sensor harnessing peptide probe molecules on porous gold electrodes, Biosens.

Bioelectron. 48 (2013) 263�269.

[54] M. Lin, M. Cho, W.S. Choe, Y. Lee, Electrochemical detection of lead ion based on a

peptide modified electrode, Electroanalysis 28 (5) (2016) 998�1002.

[55] N. Daud, N.A. Yusof, T.W. Tee, Development of electrochemical sensor for detection

of mercury by exploiting His-Phe-His-Ala-His-Phe-Ala-Phe modified electrode, Int. J.

Electrochem. Sci. 6 (2011) 2798�2807.

327Metal oxide for heavy metal detection and removal

http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref37
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref37
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref37
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref37
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref37
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref37
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref38
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref38
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref38
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref38
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref39
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref39
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref39
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref39
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref40
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref40
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref40
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref40
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref41
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref41
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref41
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref41
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref42
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref42
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref43
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref43
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref43
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref44
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref44
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref45
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref45
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref45
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref46
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref46
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref46
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref46
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref46
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref47
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref47
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref47
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref47
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref48
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref49
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref49
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref49
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref50
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref50
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref50
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref50
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref50
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref51
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref51
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref51
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref51
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref52
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref52
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref52
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref52
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref53
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref53
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref53
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref54
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref54
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref54
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref54


[56] H. Ju, D. Leech, Electrochemical study of a metallothionein modified gold disk elec-

trode and its action on Hg21 cations, J. Electroanal. Chem. 484 (2) (2000) 150�156.

[57] N. Daud, N.A. Yusof, T.W. Tee, A.H. Abdullah, Electrochemical sensor for As(III) uti-

lizing CNTs/leucine/Nafion modified electrode, Int. J. Electrochem. Sci. 7 (2012)

175�185.

[58] G. Irvine, S. Tan, M. Stillman, A simple metallothionein-based biosensor for enhanced

detection of arsenic and mercury, Biosensors 7 (1) (2017) 14.

[59] R. Sharma, K. Ragavan, M. Thakur, K. Raghavarao, Recent advances in nanoparticle

based aptasensors for food contaminants, Biosens. Bioelectron. 74 (2015) 612�627.

[60] Y. Luan, A. Lu, J. Chen, H. Fu, L. Xu, A label-free aptamer-based fluorescent assay

for cadmium detection, Appl. Sci. 6 (12) (2016) 432.

[61] Y. Xiang, Y. Lu, DNA as sensors and imaging agents for metal ions, Inorg. Chem. 53

(4) (2013) 1925�1942.

[62] J. Wei, H. Yang, H. Sun, Z. Lin, S. Xia, A fully CMOS-integrated pH-ISFET interface

circuit, in: 2005 Sixth International Conference on ASIC, IEEE, 2005, pp. 365�367.

[63] E.S. Forzani, X. Li, P. Zhang, N. Tao, R. Zhang, I. Amlani, et al., Tuning the chemical

selectivity of SWNT-FETs for detection of heavy-metal ions, Small 2 (11) (2006)

1283�1291.

[64] C. Wang, X. Cui, Y. Li, H. Li, L. Huang, J. Bi, et al., A label-free and

portable graphene FET aptasensor for children blood lead detection, Sci. Rep. 6 (2016)

21711.

[65] K.-I. Chen, B.-R. Li, Y.-T. Chen, Silicon nanowire field-effect transistor-based biosen-

sors for biomedical diagnosis and cellular recording investigation, Nano Today 6 (2)

(2011) 131�154.

[66] E. Stern, R. Wagner, F.J. Sigworth, R. Breaker, T.M. Fahmy, M.A. Reed, Importance

of the Debye screening length on nanowire field effect transistor sensors, Nano Lett. 7

(11) (2007) 3405�3409.

[67] M.-K. Tsang, W. Ye, G. Wang, J. Li, M. Yang, J. Hao, Ultrasensitive detection of

Ebola virus oligonucleotide based on upconversion nanoprobe/nanoporous membrane

system, ACS Nano 10 (1) (2016) 598�605.

[68] L. Chua, Memristor-the missing circuit element, IEEE Trans. Circuit Theory 18 (5)

(1971) 507�519.

[69] F. Budiman, T.W. Kian, K.A. Razak, A. Matsuda, Z. Lockman, The assessment of Cr

(VI) removal by iron oxide nanosheets and nanowires synthesized by thermal oxidation

of iron in water vapour, Procedia Chem. 19 (2016) 586�593.

[70] C. Balan, I. Volf, D. Bilba, Chromium(VI) removal from aqueous solutions by purolite

base anion-exchange resins with gel structure, Chem. Ind. Chem. Eng. Q./CICEQ 19

(4) (2013) 615�628.

[71] A. Azimi, A. Azari, M. Rezakazemi, M. Ansarpour, Removal of heavy metals from

industrial wastewaters: a review, ChemBioEng Rev. 4 (1) (2017) 37�59.

[72] C.E. Barrera-Dı́az, V. Lugo-Lugo, B. Bilyeu, A review of chemical, electrochemical

and biological methods for aqueous Cr(VI) reduction, J. Hazard. Mater. 223 (2012)

1�12.

[73] K. Gandha, J. Mohapatra, M.K. Hossain, K. Elkins, N. Poudyal, K. Rajeshwar, et al.,

Mesoporous iron oxide nanowires: synthesis, magnetic and photocatalytic properties,

RSC Adv. 6 (93) (2016) 90537�90546.

[74] N. Bashirom, K.A. Razak, Z. Lockman, Synthesis of freestanding amorphous ZrO2

nanotubes by anodization and their application in photoreduction of Cr(VI) under visi-

ble light, Surf. Coat. Technol. 320 (2017) 371�376.

328 Metal Oxide Powder Technologies

http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref55
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref56
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref56
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref56
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref56
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref57
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref57
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref58
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref58
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref58
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref59
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref59
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref60
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref60
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref60
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref61
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref61
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref61
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref61
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref62
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref62
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref62
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref63
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref63
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref63
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref63
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref64
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref64
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref64
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref64
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref65
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref65
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref65
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref65
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref66
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref66
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref66
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref67
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref67
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref67
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref67
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref68
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref68
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref68
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref68
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref69
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref69
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref69
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref70
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref70
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref70
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref70
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref71
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref71
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref71
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref71
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref72
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref72
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref72
http://refhub.elsevier.com/B978-0-12-817505-7.00015-4/sbref72


[75] D.J. Johnson, W.A. Suwaileh, A.W. Mohammed, N. Hilal, Osmotic’s potential: an

overview of draw solutes for forward osmosis, Desalination 434 (2018) 100�120.

[76] P. Goh, A. Ismail, A review on inorganic membranes for desalination and wastewater

treatment, Desalination 434 (2018) 60�80.

[77] Y. Cui, Q. Ge, X.-Y. Liu, T.-S. Chung, Novel forward osmosis process to effectively

remove heavy metal ions, J. Membr. Sci. 467 (2014) 188�194.

[78] K. Lutchmiah, A. Verliefde, K. Roest, L.C. Rietveld, E. Cornelissen, Forward osmosis

for application in wastewater treatment: a review, Water Res. 58 (2014) 179�197.

[79] V. Khandegar, A.K. Saroha, Electrocoagulation for the treatment of textile industry

effluent—a review, J. Environ. Manage. 128 (2013) 949�963.

[80] S. Zodi, O. Potier, F. Lapicque, J.-P. Leclerc, Treatment of the textile wastewaters by

electrocoagulation: effect of operating parameters on the sludge settling characteristics,

Sep. Purif. Technol. 69 (1) (2009) 29�36.

[81] I. de Oliveira da Mota, J.A. de Castro, R. de Góes Casqueira, A.G. de Oliveira Junior,
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16.1 Introduction

The emergence of infectious diseases, in general, poses a serious threat to public

health worldwide, especially with the emergence of antibiotic-resistant bacterial

strains. Generally, both Gram-positive and Gram-negative bacterial strains are

thought to present a major public health problem. Over the years, antibiotics

have been used to control infections resulting from both community and hospital

environments [1�3]. Current advances in the field of nanobiotechnology, partic-

ularly the ability to prepare metal oxide nanomaterials of specific size and shape,

are likely to lead to the development of new antibacterial agents. The functional

activities of nanoparticles (NPs) are influenced largely by the particle size.

Therefore NPs have received great attention due to their unique physical, chemi-

cal, and effective biological properties in various fields, including medicine. The

properties of NPs can easily be altered by reducing or changing their size, espe-

cially when the manipulations are done at the nanometer scale [4�7]. The filtra-

tion devices such as microfiltration are successfully used in the separation and

concentration of particulate suspensions or solutions, the recovery of low-

molecular-weight substances and, in some instances, the recovery of macromole-

cules such as proteins [8]. Generally, microfiltration membranes can be classified

into organic membranes that mainly made of polymeric compounds and inor-

ganic membranes that contain ceramic or metallic materials. Inorganic microfil-

tration membranes can be operated at elevated temperatures, metal membranes

are stable at temperatures ranging from 500�C to 800�C, and many ceramic mem-

branes are usable at over 1000�C. The development of inorganic membranes for

industrial applications enables the realization of high thermal capability, high

chemical stability, and good cleaning ability by means of high pressure or back-

flushing, which cannot be implemented by polymer membranes [9]. Fabrication

of inorganic membranes was studied by many investigators from different view-

points [10]. The present study introduces a new approach for the manufacturing
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of porous metallic membrane via reduction of metal oxides. The formation of

metallic materials with small pores could be achieved in two ways: when

small particles of metal oxides are used as starting materials (average particle

size 300�500 nm), metallic materials with pores less than 100 nm can be pro-

duced. The second way to achieve metallic materials with very small pores

comes from the mechanism of reduction reactions of metal oxides where the

removal of oxygen during reduction will enhance the formation of additional

small pores.

As an important p-type semiconductor, CuO has found many diverse applica-

tions such as gas sensors, catalysis, batteries, high-temperature superconductors,

solar energy conversion, and field emission emitters. CuO is cheaper than silver,

easily mixed with polymers, and relatively stable in terms of both chemical and

physical properties. Highly ionic nanoparticulate metal oxides, such as CuO, may

be particularly valuable antimicrobial agents as they can be prepared with

extremely high surface areas and unusual crystal morphologies [5]. High purity

and ultrafine nickel metal powder is a key component of many different materials

that are used to manufacture a wide range of end-use products such as catalysts,

magnetic devices, powder metallurgical components, and gas sensing. Although

a multitude of water contaminants pose health threats, the utmost waterborne

threat comes from pathogenic bacteria, viruses, and fungi. Traditional solutions

to water disinfection such as chlorination and ozonation are faced with increasing

barriers and complexities. They produce carcinogenic disinfection by-products

(DBP) such as trihalomethanes, haloamides, halonitriles, and bromate and have

become increasingly less effective to treat a rising number of resistant microor-

ganisms. Unlike traditional disinfectants, nanomaterials are not strong oxidants

and, hence, do not produce harmful DBP and have the potential to enhance con-

ventional treatment methods. Nanotechnology has the potential to advance water

and wastewater treatment by improving treatment efficiency. There are several

classes of nanomaterials that are being evaluated as materials for water purifica-

tion, which have a broad range of physicochemical properties that make them

attractive for water purification. Nanomaterials can attack microbial cells through

various antimicrobial mechanisms. The most common inorganic antimicrobial

nanomaterials are AgNP, TiO2, and ZnO, but the most widely used currently are

AgNP NPs. These are used in a wide variety of microbial control applications

such as disinfection of medical devices and home appliances, and water treatment

[11]. ZnO NPs, being similar to TiO2, also hold many outstanding properties:

nano-ZnO particles can easily absorb hydrophilic hydroxyl groups (�OH) to

become hydrophilic; ZnO at the nano level exhibits a higher surface area than

that of nano-TiO2 due to its crystallographic structure [12]; it exhibits an excel-

lent antibacterial and antifungal characteristic, due to its valuable ultraviolet-

resistant and photocatalytic properties [13]. It has low cost and is less toxic than

any TiO2 NPs, and ZnO NPs are processed easily than TiO2 NPs. Few reports

have been published, in which, Wang et al. prepared a new pervaporation mem-

brane by the combination of ZnO particles and cellulose acetate [14]. In this

investigation, it has been reported that ZnO particles at 4.01% (w/w) increased
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the hydrophilicity of cellulose acetate, which improved both the permeation flux

and separation factor of the methanol/methyl tert-butyl ether system.

One of the major limitations of membrane-based separations is fouling and poly-

meric membranes being hydrophobic in nature are more prone to fouling. Fouling

is a deposition of various colloidal particles, macromolecules (polysaccharides, pro-

teins), salts, etc. on the membrane surface and within pores thus impedes membrane

performance, reduces flux, and results in high cost. Modification of polymeric

membranes due to its tailoring ability with nanomaterials such as metal-based and

carbon-based results in polymeric nanocomposite membranes with high antifouling

characteristics. Nanomaterials impart high selectivity, permeability, hydrophilicity,

thermal stability, mechanical strength, and antibacterial properties to polymeric

membranes via blending, coating, etc. modification methods. Polymer�metal nano-

composite exhibits antifouling properties as shown in Fig. 16.1.

Ahmad et al. studied the antifouling properties of polyethersulfone (PES) mem-

branes blended with different amounts of ZnO. The presence of highly volatile ace-

tone contributed to the tight skin layer of the membrane, which shows remarkable

antifouling ability with the highest flux recovery ratio (FRR) and negligible irre-

versible fouling. Although the antifouling ability of ZnO/acetone is moderate, it is

still plausible to obtain good membranes using these two materials, which show a

Figure 16.1 Schematic diagram of polymer�metal nanocomposite exhibiting antifouling

properties.
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remarkable fouling resistance [15]. Nasrollahi et al. prepared novel PES ultrafiltra-

tion membranes blended with different contents of the CuO/ZnO (CZN) nanocom-

posite. High hydrophilicity of ZnO NP made it an excellent choice to be

incorporated with CuO NPs in order to improve the membrane properties as a nano-

filler additive. When the content of CZN was 0.2 wt.%, the pure water flux

growth of the blended membrane was about 32%. In addition, the cited blended

membrane displayed a higher FRR (%) in the bovine serum albumin (BSA)

fouling agent. BSA rejection was above 95% for all of the nanocomposite mem-

branes [16].

As a versatile semiconductor material, ZnO is extensively used in shock resis-

tance, sound installation, photosensitization, fluorescence, gas sensitization, and

catalysis. ZnO is one of the best bactericides and photocatalysts. Though there are

many methods for preparing NPs, combustion synthesis has evolved as a straight-

forward method. Recently, increasing attention has been paid to it for preparing

NPs with tailored properties. In this method the formation of the NP is a result of

the self-propagating exothermic redox reaction that occurs between an oxidizer

(metal nitrate) and a reducing agent (various fuels). Once the combustion

reaction is ignited, no additional heat source is required. The advantages of this

method are its simplicity, short reaction time, and the environmental friendly nature

of reaction by-products. The solution combustion technique also allows homoge-

nous mixing in an aqueous solution of reactants at the molecular level yielding pre-

cise control over the stoichiometry of the final product. The present chapter

describes that the copper oxide, nickel oxide, and zinc oxide NPs are synthesized

by solution combustion method using glycine as fuel and their antimicrobial activity

is studied extensively.

16.2 Experimental procedures

16.2.1 Introduction

Metal combustion has received renewed interest now and it is having the long-term

potential for nanotechnology to allow for an unprecedented level of control over

the structure of reactive/energetic materials on length scales from nanometers to

meters [17]. Solution combustion synthesis (SCS) is a versatile, simple, rapid, and

single-step process, which involves a self-sustained reaction inhomogeneous solu-

tion of different oxidizers (e.g., metal nitrates) and fuels (e.g., urea, glycine, citric

acid, and hydrazides). Depending on the type of the precursors, as well as on the

conditions used for the process organization, the SCS may occur as either volume

or layer-by-layer propagating combustion modes [6]. The most important fact about

SCS is that it is a short duration process and the various gases formed during the

process inhibit particle size growth, which favors the formation of nano-sized pow-

ders [18]. The choice of fuel for SCS is the most important factor. The glycine and

citric acid have been adopted for the synthesis of metal/metal oxide NPs because

they are widely used for the synthesis of nanomaterials. Among known fuels,
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glycine has demonstrated the versatility of combustion methods by the successful

preparation of a large number of single-phase, well-crystallized, multicomponent

oxides. Also, it is inexpensive and its combustion heat (23.24 kcal/g) is more nega-

tive compared with urea (22.98 kcal/g). When citric acid is employed in a combus-

tion process, the heat released in combustion is more and as a result, the

combustion enthalpy is more, which is responsible for the growth of the sample and

complete combustion reaction with more crystalline phase takes place. The citric

acid and glycine are considered to be ideal fuels because (1) they act as a good

source of N, C, and H, which on combustion evolve N2, CO2, and H2O gases,

favoring the formation of NPs; (2) they form complexes with the metal ions facili-

tating homogenous mixing of the cations in solution; and (3) these fuels are water-

soluble and good homogenization can be achieved in solution. A number of prepa-

ration methods and techniques have been examined for identifying the most reliable

and cheapest method of producing nanomaterials. However, these methods require

specific apparatus, vacuum conditions, and high-cost equipment, but the solution

combustion method is an alternative quick process, low-cost method and prepared a

large amount of nanopowders. A few publications described the fabrication of metal

oxide semiconductor nanopowders by solution combustion method. However, it is a

challenge to find an efficient and simple way, using a low-temperature and conve-

nient method suitable for large-scale production of metal oxide semiconductor pow-

ders with particle size about several nanometers by using this method.

16.2.2 Preparation of metal oxides by solution combustion
method

For the preparation of NPs the corresponding metal nitrate (oxidizer) was taken as a

precursor and glycine or citric acid was used as fuel. The stoichiometric composi-

tion of the solution components (fuels and oxidizer) was calculated according to the

principle of propellant chemistry, keeping the oxidizer (metal nitrate) to fuel (gly-

cine or citric acid) ratio as unity. In the combustion reaction the molar ratio (Ψ) is
defined as the ratio of fuel to metal nitrate and it corresponds to the situation of an

“equivalent stoichiometric ratio,” which implies that the oxygen content of metal

nitrate can be completely oxidized or it can consume fuel exactly. As a result, metal

or metal oxide product and gases of CO2, H2O, and N2 can be formed directly from

the reaction between the fuel and the oxidizer without the need of getting oxygen

from outside. The solution was kept in the furnace at 300�C. With a large amount

of fumes produced the combustion reaction was completed and the loose powder

was formed, which was crushed and ground thoroughly. Schematic representation

of the synthesis process is shown in Fig. 16.2.

16.2.3 Synthesis of CuO, NiO, and ZnO nanoparticles

For the preparation of NPs, metal nitrate [Cu(NO3)2, Ni(NO3)2 � 6H2O, Zn

(NO3)2 � 6H2O] and fuel [glycine (CH2NH2COOH)] were taken as starting materials
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(AR grade). The stoichiometric compositions of the solution components (fuels

and oxidizer) were calculated according to the principle of propellant chemistry,

keeping the oxidizer (metal nitrate) to fuel (glycine) ratio as unity [19]. A stoi-

chiometric amount of metal nitrate was dissolved in deionized water and then

fuel was added into it. The solution was kept in the furnace at 300�C. Initially,
the solution is boiled and underwent dehydration followed by decomposition

with the evolution of a large number of gases. After the solution reached the

point of spontaneous combustion, burning began releasing heat. It vaporized the

entire solution instantly and became loose powder. The normal atmosphere was

maintained in the furnace without any inert gas. The atmospheric temperature

outside the furnace was 22�C�25�C. Different combinations of fuels and their

oxidant-to-fuel ratio were used to tailor the powder properties. Schematic repre-

sentation of the synthesis of CuO/NiO/ZnO NPs by combustion method is shown

in Fig. 16.3.

Figure 16.2 A schematic representation of the synthesis process.
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16.2.4 Assay for antimicrobial activity of metal oxide
nanoparticles against microorganisms

The antimicrobial activity of metal oxide NPs was evaluated against the 0.2 mL of

fresh cultures. Each sample was inoculated into 5mL of sterile nutrient broth

(HiMedia) and incubated for 3�5 hours to standardize the culture to McFarland

standards (106 CFC/mL). Three replicates of respective microorganism were pre-

pared by spreading 100 μL of the revived culture on Mueller�Hinton agar—

HiMedia with the help of the spreader. The well was of 7 mm in diameter. Samples

of 50 μL metal/metal oxide were added in one well and 50 μL of distilled water

was used as a control. The Petri plates were kept at 37�C for 24 hours in an incuba-

tor for bacteria, during which its antibacterial activity was evidenced by the pres-

ence of a zone of inhibition (mm).

16.3 Result and discussion

16.3.1 Structural analysis

X-ray diffraction (XRD) is a popular technique for determining the phase purity of

the materials. Small-angle scattering is useful for evaluating the average interparti-

cle distance while the wide-angle diffraction is useful for refining the atomic struc-

ture of nanoclusters [20]. The width of the diffraction lines is closely related to the

Figure 16.3 Schematic of synthesis of CuO/NiO/ZnO nanoparticles by combustion method.
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size distribution, defects, and strain in NPs. Fig. 16.4A shows the XRD pattern of

the prepared glycine-assisted CuO NPs (CG). The diffraction peaks corresponding

to (1 1 0), 1 1 0
� �

. (1 1 1), 2 0 2
� �

, (0 2 0), (2 0 2), 1 1 3
� �

, 3 1 1
� �

, (1 1 3), (3 1 1),

and (0 0 4) planes were perfectly indexed to the monoclinic structure (ICDD 80-

1916). Li et al. prepared synthesized open interconnected macroporous copper

oxide films by using the gas bubble template-directed synthesis method. By this

approach, hydrogen bubbles arising from the reduction of H1 functioned as the

dynamic template for copper electrodeposition. Copper was electrodeposited and

grew within the interstitial spaces between the hydrogen bubbles, forming macro-

porous films on the gold substrate [21]. Fig. 16.4B shows the XRD patterns of NiO

NPs. All peaks of glycine-assisted NiO (NG) NPs are labeled and can be indexed to

face-centered cubic structure (ICDD 78-0429). All diffraction peaks corresponding

to (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes were in good agreement with the typi-

cal face-centered cubic structure of pure NiO. Ran et al. prepared feasible, low-cost

composite energy storage materials, which can be applied to prepare other high-

performance hybrid materials using porous nickel oxide membrane by a phase-

separation technique and nickel oxide membrane electrode by pressing the mem-

branes between two foam nickels at 10 MPa for supercapacitor device. It was possi-

ble to put into practical applications in a flexible and wearable energy storage

device [22]. Synthesized ZnO is commonly characterized using XRD. A good

agreement between the obtained peaks and standard diffraction peaks corresponding

to (1 1 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (2 0 2), (1 0 3), (2 0 0), (1 1 2), (2 0 1),

(0 0 4), and (2 0 2) diffraction planes, respectively, reveals the hexagonal structure

Figure 16.4 XRD pattern of (A) CuO NPs, (B) NiO NPs, and (C) ZnO NPs. NP,

Nanoparticle; XRD, X-ray diffraction.
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of ZnO according to ICDD 89-7102. Diffraction peaks related to impurities, which

are not observed in XRD graph, confirm high purity. Moreover, diffraction peaks

that are narrower and intensive imply good crystalline nature of the ZnO, and that

broadening of the peaks at the bottom are indications that the crystallite sizes are

small. A typical ZnO XRD graph is shown in Fig. 16.4C shows the XRD pattern of

glycine-assisted ZnO NPs (ZG). The peaks observed are corresponding to (1 1 0),

(0 0 2), (1 0 1), (1 0 2), (1 1 0), (2 0 2), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4), and

(2 0 2) diffraction planes, respectively, of the hexagonal structure of ZnO (ICDD

89-7102).

16.3.2 Surface morphological studies

The field emission scanning electron microscope (FESEM) is a type of electron

microscope capable of providing high-resolution, magnification, and depth of field

images than optically attained. SEM images have a characteristic three-dimensional

appearance and are useful for judging the surface structure of the sample.

Fig. 16.5A shows the FESEM images of the CuO NPs. The prepared CG is of a

flower-shaped structure consisting of dense CuO nanosheets (petals) with a typical

thickness around 50 nm with the size of a single flower being 3.5 μm. The

Figure 16.5 FESEM image of (A) CuO NPs, (B) NiO NPs, and (C) ZnO NPs. FESEM,

Field emission scanning electron microscope; NP, nanoparticle.
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nanosheets are connected together on the bases, rooted in one center, and assembled

into the beautiful flower-like morphology. Fig. 16.5B shows the FESEM image of

the prepared NiO. From the FESEM images, it is confirmed that NiO is having

octahedral structures. This morphology is due to the inherent effect of organic fuels.

The FESEM image of NiO shows that some of the octahedral particles are broken

at the edges due to the escaping of gases during combustion [23]. Fig. 16.5C shows

the FESEM image of the ZnO NPs. The prepared ZnO NPs have flake-like mor-

phology. The ZnO morphology is affected by synthesis conditions such as precursor

type, temperature, and pH. There are only a few studies on the effect of morphol-

ogy on the antibacterial activity of ZnO NPs and there is no general agreement on

the effect of particle shape.

16.3.3 Antimicrobial activity of floral CuO nanoparticles

In this study the antimicrobial activity of floral CuO NPs (CG) was tested against

both Gram-positive (Bacillus cereus and Staphylococcus aureus) and Gram-

negative bacteria (Escherichia coli and Klebsiella pneumoniae) and fungi

(Penicillium chrysogenum). The CuO nanostructures showed antimicrobial activity

against B. cereus (16 mm), S. aureus (16 mm), E. coli (20 mm), K. pneumoniae

(18 mm), and P. chrysogenum (16 mm). While comparing the effect of floral nano

CuO on microbial strains, the greatest inhibitory effect was recorded against E. coli

strain. The prepared nano CuO was more toxic to E. coli and K. pneumoniae. For

the Gram-positive bacteria the effect of CuO was less pronounced than Gram-

negative bacteria. Fig. 16.6 shows the photographic image of an inhibition zone

produced by CG against (1) E. coli and (2) K. pneumoniae. Table 16.1 shows the

zone of inhibition of CuO NPs for various microorganisms. In the present study the

antimicrobial activity shows that the Gram-positive bacterial strains are less

Figure 16.6 Photographic image of an inhibition zone produced by CG against (A)

Escherichia coli and (B) Klebsiella pneumoniae.
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affected than Gram-negative. The variation in the sensitivity or resistance of both

Gram-positive and -negative bacteria populations could be due to the differences in

the cell structure, physiology, metabolism, or degree of contact of organisms with

NPs. The overall charges of bacterial cells at biological pH values are negative due

to the excess of carboxylic groups present in the lipoproteins on the bacterial sur-

face, which, upon dissociation, makes the cell surface negative [24]. The opposite

charges of bacteria and copper ions released from NPs are thought to cause adhe-

sion and bioactivity due to electrostatic forces. Since peptidoglycans are negatively

charged molecules, they bind Cu21 ions released from copper NPs in the liquid

growth medium. Being Gram-negative, the bacterium E. coli may allow more Cu21

ions to reach the plasma membrane but is generally considered less susceptible to

antibiotics and antibacterial agents than Gram-positive bacteria [25]. Finally, it can

be concluded that Gram-negative bacterial strains are showing higher antimicrobial

activity than Gram-positive because of their membrane structure.

The antibacterial properties of copper NPs are mainly attributed to adhesion with

bacteria because of their opposite electric charges resulting in a reduction at the

bacterial cell wall. Gram-positive and Gram-negative bacteria have differences in

their membrane structure, the most distinctive of which is the thickness of the pepti-

doglycan layer. The lower efficacy of the Cu NPs against S. aureus and B. cereus

may derive from the difference as a point of membrane structure [26]. For oxidized

copper particles embedded in an inert, teflon-like matrix, Cioffi et al. demonstrated

significant antimicrobial activity due to the release of ions [27]. Azam et al. dis-

cussed the antimicrobial activity of copper NPs are synthesized by the gel combus-

tion method and they reported that the antibacterial activity is completely size-

dependent and suggested that the release of copper ions is responsible for bacterial

death [28]. Consequently, the bactericidal effects observed in this study might have

been influenced by the release of Cu21 ions in solution. From these results, it is

believed that the binding of copper ions to the bacterial cell surface plays an impor-

tant role in the bactericidal activity.

Azam et al. reported that the antimicrobial activity is size-dependent and the

CuO NPs about 20 nm showed maximum activity for E. coli (20 mm). In the pres-

ent case the nanosheets have the size of 50 nm and show 20 mm activity. This

shows that the shape of the NPs also influences the antimicrobial activity. Pang

et al. discussed that as the cuprous oxide crystals change from cubic to octahedral,

the antibacterial activity changes from general bacteriostasis to high sensitivity

Table 16.1 Zone of inhibition (mm) of CuO nanoparticles for various microorganisms.

Microorganism Strain no Zone of inhibition (mm)

Bacillus cereus MTCC-4079 16

Staphylococcus aureus MTCC-7443 16

Escherichia coli MTCC-1721 17

Klebsiella pneumoniae MTCC-4030 16.5

Penicillium chrysogenum MTCC-5108 16
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[29]. However, from the current study, it can be suggested that like the size of the

NPs, the shape of the particles also influences the antimicrobial activity.

16.3.4 Antimicrobial activity of octahedral NiO nanoparticles

Antimicrobial activity of Ni NPs was tested against K. pneumoniae, Pseudomonas

aeruginosa, P. chrysogenum, Aspergillus niger, and Candida albicans. In this study

the prepared glycine-assisted octahedral NiO NPs (NG) exhibited high antimicro-

bial activity against K. pneumoniae (18 mm), P. aeruginosa (14 mm), P. chrysogen-

um (16 mm), A. niger (10 mm), and C. albicans (7 mm). Table 16.2 shows the zone

of inhibition of nickel oxide NPs for various microorganisms. Fig. 16.7 shows the

photographic image of an inhibition zone produced by NG against (1) P. aerugino-

sa and (2) P. chrysogenum. In the present case, Gram-positive strains are more

active than Gram-negative strains. The results show that the antimicrobial activities

of NiO NPs are less efficient (2%) against E. coli and S. aureus. The NiO at a dos-

age of 1 g/100 mL showed a significantly lower reduction of E. coli. NiO dosage of

5 g/100 mL showed a high reduction decreased after 4 hours of contact. This corre-

sponds to the beginning of the log phase of the bacterial growth in the control bot-

tles. There were no significant differences in the final antimicrobial activity of NiO

supported on natural clintoptilolite after 24 hours of contact at both dosages. Singh

et al. studied the antimicrobial activity of the Ni complexes with two new Schiff

bases of 1,3-diphenyl-1H-pyrazole-4-carboxaldehyde (HL1) and 4-amino-5-mercap-

to-3-methyl/H-1,2,4-triazole (HL2) [24]. These Schiff bases were biologically

active. The metal complexes were added to these Schiff bases and their antimicro-

bial activity was studied. The diameter of growth of inhibition zone of HL1 and

HL2 for P. aeruginosa was around 15 mm. The NiO complexes added to these two

Schiff bases showed the activity of around 16 mm, which exhibited that NiO com-

plex does not influence the activity. The mycelial growth inhibition of HL1 and

HL2 for A. niger was around 45 and 57 mm, respectively. The NiO complex added

with the Schiff bases showed activity up to 48 and 45 mm, respectively. These

observations show that the NiO complex itself was not having antimicrobial activ-

ity. Manikshete et al. investigated the ligand and metal (II) complexes and the anti-

microbial activity also studied against S. aureus, P. aeruginosa, A. niger, and C.

albicans [25]. The result showed that the antimicrobial activity was very feeble and

they are mostly inactive. Chandra et al. synthesized the Ni (II) complexes with

Table 16.2 Zone of inhibition (mm) of NiO nanoparticles for various microorganisms.

Microorganism Strain no Zone of inhibition (mm)

Klebsiella pneumoniae MTCC-4030 18

Pseudomonas aeruginosa MTCC-2453 14

Aspergillus niger MTCC-4325 10

Candida albicans MTCC-1637 7

Penicillium chrysogenum MTCC-5108 16
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hexadentate macrocyclic ligand and studied its antimicrobial activity against two

different species of bacteria Bacillus subtilis and Xanthomonas campestris and plant

pathogenic fungi Rhizoctonia solani and R. blast. In both strains the antimicrobial

strains do not show any activity [30].

In the present case the prepared octahedral NiO NPs show very high antimicro-

bial activity than the reported NiO NPs and its complexes. The prepared NiO NPs

are more effective against Gram-positive bacterial strains than the Gram-negative

strains. Gram-positive bacteria typically have one cytoplasmic membrane and thick

wall composed of multilayers of peptidoglycan. On the other hand, Gram-negative

bacteria have a more complex cell wall structure, with a layer of peptidoglycan

between the outer membrane and cytoplasmic membrane. Thus the cell membrane

of Gram-positive bacteria can be damaged more easily [31]. The high antimicrobial

activity achieved can be explained under the factors of shape and crystal quality.

16.3.5 Antimicrobial activity of ZnO nanoflakes

In this study the prepared glycine-assisted ZnO nanoflakes (ZG) exhibited high

antimicrobial activity against K. pneumoniae (18 mm), P. aeruginosa (11 mm), P.

chrysogenum (16 mm), A. niger (9 mm), and C. albicans (11 mm). Table 16.3

shows the zone of inhibition of ZnO NPs for various microorganisms. Fig. 16.8

shows the photographic image of an inhibition zone produced by ZG against (1) K.

Pneumoniae and (2) P. aeruginosa. Tam et al. investigated the antibacterial activity

of ZnO nanorods prepared by hydrothermal method. They are not showing a promi-

nent effect for lesser concentrations [12].

Moghaddam et al. biosynthesized ZnO NPs using a new strain of yeast (Pichia

kudriavzevii GY1) and evaluated their anticancer activity in breast cancer MCF-7

cells. ZnO NPs have been observed to show powerful cytotoxicity against MCF-7

Figure 16.7 Photographic image of an inhibition zone produced by NG against (A)

Pseudomonas aeruginosa and (B) Penicillium chrysogenum.
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cells, which was associated with the occurrence of apoptosis, more than cell cycle

arrest [32]. The antibacterial activity may involve the accumulation of ZnO NPs in

the outer membrane or cytoplasm of bacterial cells and trigger Zn21 release, which

would cause bacterial cell membrane disintegration, membrane protein damage, and

genomic instability, resulting in the death of bacterial cells. Many Gram-negative

bacteria such as E. coli, P. aeruginosa, Proteus vulgaris, Vibrio cholerae and

Gram-positive bacteria such as S. aureus, B. subtilis, and Enterococcus faecalis are

also investigated [33]. Schematic illustration of antibacterial activity in ZnO NPs is

shown in Fig. 16.9.

It showed that ZnO NPs with an average size of about 30 nm caused cell death

by directly contacting with the phospholipid bilayer of the membrane, destroying

the membrane integrity. The addition of radical scavengers such as mannitol, vita-

min E, and glutathione could block the bactericidal action of ZnO NPs. Thus Zn21

released from ZnO NPs suspensions was the apparent cause to antibacterial effect.

Moreover, Ohira and Yamamoto also found the antibacterial (E. coli and S. aureus)

Figure 16.8 Photographic image of an inhibition zone produced by ZG against (A)

Klebsiella pneumoniae and (B) Pseudomonas aeruginosa.

Table 16.3 Zone of inhibition (mm) of ZnO nanoparticles for various microorganisms.

Microorganism Strain no Zone of inhibition (mm)

Klebsiella pneumoniae MTCC-4030 18

Pseudomonas aeruginosa MTCC-2453 11

Aspergillus niger MTCC-4325 9

Candida albicans MTCC-1637 11

Penicillium chrysogenum MTCC-5108 16
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activity of ZnO NPs with small crystallite sizes was stronger than those with large

crystallite sizes [34]. From ICP-AES measurement the amount of Zn21 released

from the small ZnO NPs was much higher than large ZnO powder sample and

E. coli was more sensitive to Zn21 than S. aureus. So, we can believe that eluted

Zn21 from ZnO NPs also take a key role in antibacterial action.

16.4 Conclusion

The CuO, NiO, and ZnO NPs were prepared by solution combustion method using

glycine as fuel and their antimicrobial activities were studied. The XRD pattern

analysis showed that floral- and rod-like CuO is having a monoclinic crystal struc-

ture. FESEM confirms the shape of floral CuO NPs. FESEM confirms the octahe-

dral shape of NiO NPs and XRD showed that the prepared NiO NPs having fcc

structure. XRD pattern confirms the hexagonal structure of ZnO nanoflakes. The

FESEM images confirm the fine nanoflakes morphology. From the present study, it

could be suggested that the antimicrobial activity of NPs does not only depend on

size but also on the shape, uniformity, and crystalline nature. Further researches

Figure 16.9 Schematic illustration of antibacterial activity in ZnO nanoparticle.
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have to be done in the synthesis of small-sized different-shaped NPs that could pro-

vide far better antimicrobial activity. The antibacterial activity of floral CuO NPs

explained in terms of the shape of the NPs. In the octahedral NiO the shape and

crystal quality determine the antimicrobial activity. Studying the antimicrobial

activity of ZnO nanoflakes reveals that it provides a better antibacterial activity

because of their shape. Comparing all the prepared metal oxide NPs, it can be con-

cluded that the shape is playing a vital role than the size of the NPs. Further

researches have to be done in the synthesis of small-sized different-shaped NPs that

could provide far better antimicrobial activity.

Acknowledgment

The author Dr. A. Jegatha Christy is grateful to SERO/UGC for financial support.

References

[1] J.S. Kim, E. Kuk, K. Nam Yu, J. Kim, S.J. Park, H.J. Lee, et al., Nanomed.

Nanotechnol. Biol. Med. 3 (2007) 95.

[2] M. Messaoud, F. Chadeau, C. Brunon, T. Ballet, L. Rappenne, F. Roussel, et al., J.

Photochem. Photobiol., A 215 (2010) 147.

[3] J.R. Morones, J.L. Elechiguerra, A. Camacho, K. Holt, J.B. Kouri, J.T. Ramirez, et al.,

Nanotechnology 16 (2005) 2346.

[4] M. Singh, S. Singh, S. Prasada, I.S. Gambhir, Dig. J. Nanomater. Biostruct. 3 (2008)

115.

[5] H.-X. Zhang, U. Siegert, R. Liu, W.-B. Cai, Nanoscale Res. Lett. 4 (2009) 705.

[6] S.T. Aruna, A.S. Mukasyan, Curr. Opin. Solid State Mater. Sci. 12 (2008) 44.

[7] C.F. Bohren, D.F. Huffman, Absorption and Scattering of Light by Small Particles,

Wiley, New York, 1983.

[8] A. Katiyar, L. Ji, P. Smirniotis, N.G. Pinto, Mesoporous molecular sieves for size selec-

tive separation of biomolecules, in: F.T. Atkin, Y.S. Linn (Eds.), Proceedings of 8th

International Conference on Inorganic Membranes, 2004, pp. 63�66. 1-929612-67-2.

[9] L. Zaho, M. Bram, H.P. Buchkremer, D. Stover, Z. Li, J. Membr. Sci. 244 (2004)

107�115.

[10] D.W. Lee, S.J. Park, C.Y. Yu, S.K. Ihm, K.H. Lee, J. Membr. Sci. 302 (2007)

265�270.

[11] E.A.S. Dimapilis, C.-S. Hsu, R.M.O. Mendoza, M.-C. Lu, Sustain. Environ. Res. 28

(2018) 47�56.

[12] K.H. Tam, A.B. Djurisic, C.M.N. Chan, Y.Y. Xi, C.W. Tse, Y.H. Leung, et al., Thin

Solid Films 516 (2008) 6167.

[13] M. Ali, M. Zafar, T. Jamil, M.T.Z. Butt, Desalination 270 (2011) 98.

[14] Y. Wang, Y. Liangrong, L. Guangsheng, D. Youyuan, Chem. Eng. J. 146 (2009) 6.

[15] A.L. Ahmad, J. Sugumaran, N.F. Shoparwe, Membranes 8 (2018) 131.

[16] N. Nasrollahi, V. Vatanpour, S. Aber, N. Mohammad Mahmoodi, Sep. Purif. Technol.

192 (2018) 369�382.

348 Metal Oxide Powder Technologies

http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref1
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref2
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref3
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref4
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref5
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref6
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref7
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref8
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref9
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref10
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref11
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref11
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref12
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref13
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref14
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref15
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref15


[17] R.A. Yetter, G.A. Risha, F.S. Steven, Proc. Combust. Inst. 32 (2009) 1819.

[18] A.S. Mukasyan, P. Epstein, P. Dinka, Proc. Combust. Inst. 31 (2007) 1789.

[19] P.K. Stoimenov, R.L. Klinger, G.L. Marchin, K.J. Klabunde, Langmuir 18 (2002)

6679.

[20] A.L. Koch, Am. Sci. 78 (1990) 327.

[21] Y. Li, W.-Z. Jia, Y.-Y. Song, X.-H. Xia, Chem. Mater. 19 (2007) 5758�5764.

[22] F. Ran, H. Yang, Y. Wu, X. Zhao, Y. Tan, Y. Liu, et al., J. Membr. Sci. 514 (2016)

366�375.

[23] S. Balta, A. Sotto, P. Luis, L. Benea, B. Van der Bruggen, J. Kim, J. Membr. Sci. 389

(2012) 155.

[24] K. Singh, Y. Kumar, P. Puri, M. Kumar, C. Sharma, Eur. J. Med. Chem. 52 (2012)

313.

[25] H. Manikshete, S.K. Sarsamkar, S.A. Deodware, V.N. Kamble, M.R. Asabe, Inorg.

Chem. Commun. 14 (2011) 618.

[26] G. Tong, M. Yulong, G. Peng, X. Zirong, Vet. Microbiol. 105 (2005) 113.

[27] N. Cioffi, N. Ditaranto, L. Torsi, R.A. Picca, L. Sabbatini, A. Valentini, et al., Anal.

Bioanal. Chem. 381 (2005) 607.

[28] A. Azam, A.S. Ahmed, M. Oves, M.S. Khan, A. Memic, Int. J. Nanomed. 7 (2012)

3527.

[29] H. Pang, F. Gao, Q. Lu, Chem. Commun. (Camb.) 7 (2009) 1076.

[30] S. Chandra, Ruchi, K. Qanungo, S.K. Sharma, Spectrochim. Acta A 94 (2012) 312.

[31] G. Fu, P.S. Vary, C.T. Lin, J. Phys. Chem. B 109 (2005) 8889.

[32] A.B. Moghaddam, M. Moniri, S. Azizi, et al., Genes 8 (2017) 281.

[33] Y. Jiang, L. Zhang, D. Wen, Y. Ding, Mater. Sci. Eng.: C. 69 (2016) 1361�1366.

[34] T. Ohira, O. Yamamoto, Chem. Eng. Sci. 68 (2012) 355�361.

349Solution combustion synthesis of metal oxide nanoparticles for membrane technology

http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref16
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref17
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref18
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref18
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref19
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref20
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref20
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref21
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref22
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref22
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref23
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref23
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref24
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref24
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref25
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref26
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref26
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref27
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref27
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref28
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref29
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref30
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref31
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref32
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref32
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref33
http://refhub.elsevier.com/B978-0-12-817505-7.00016-6/sbref33


This page intentionally left blank



17Three-dimensional printing of

ceramic powder technology
Waleed K. Ahmed1 and Y. Al-Douri2,3,4

1ERU and Mechanical Engineering Department, College of Engineering, United Arab

Emirates University, Al Ain, United Arab Emirates, 2University Research Center, Cihan

University Sulaimaniya, Sulaimaniya, Iraq, 3Nanotechnology and Catalysis Research

Center (NANOCAT), University of Malaya, Kuala Lumpur, Malaysia, 4Department of

Mechatronics Engineering, Faculty of Engineering and Natural Sciences, Bahcesehir

University, Istanbul, Turkey

There are many applications and advantages of the current revolution of the additive

manufacturing (AM) technology, or what is traditionally known as three-dimensional

(3D) printing technology. This erupting technology has invaded our lives in different

ways, providing a change to the traditional manufacturing techniques that have been

used for many years. Moreover, the benefits of 3D printing (3DP) technology are not

restricted within the industrial sector, but can also be used for innovative learning

[1,2] as well as in failure experimentation [3], where the prototyping and the model-

ing developed trends helped a lot in the acceleration of the continuous of the inven-

tions of different sectors [4]. One of the promising materials that scientists and

researchers have tested and examined using 3DP technology is ceramic, since it has

many advantages like corrosion resistance that make it very attractive in the medical

sector, but unfortunately it has some of weak properties, like low tensile properties as

well as the lack of toughness, that cause problems during and after the manufacturing

process. The impact of the cracked microparticles has been studied intensively to

investigate the negative impact on the mechanical properties [5�7], challenging

scientists to overcome the weak properties of the ceramic to enable its use in 3DP

technology. Nowadays, the 3DP technology has been extended to 4D printing, where

it becomes possible to control the deformation and the response of the 3D printed

parts within the macro- and nanolevels [8].

In this chapter, three main applications (medical, mechanical, and physical) of

using ceramic in 3DP technology are presented and discussed.

17.1 Using three-dimensional printed ceramic for
medical applications

AM, also known as 3DP, has emerged over the past three decades as a disruptive

technology for rapid prototyping and manufacturing. Vat polymerization, powder

Metal Oxide Powder Technologies. DOI: https://doi.org/10.1016/B978-0-12-817505-7.00017-8
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bed fusion, material extrusion, and binder jetting were distinct technologies of AM,

which have been used in a wide variety of fields, including biomedical research and

tissue engineering. The ability to print biocompatible, patient-specific geometries

with controlled macro- and micropores, and to incorporate cells, drugs, and proteins

has made 3D-printing ideal for orthopedic applications, such as bone grafting. The

present section focuses on the uses of ceramics in 3DP technology for medical

applications.

The good dispersity and flowability assuring the high density and uniform

porous structure of β-tri-calcium phosphate (β-TCP) ceramics were addressed by

Ben et al. [9]. β-TCP were used as biological ceramic materials and completely met

the standard for bone tissue engineering. Monodispersed and spherical β-TCP gran-

ules for 3DP were prepared by spray drying with the surface modification of poly-

vinyl butyral (PVB). Modifier PVB attached to the particle surface to form the

cross-linked network structure and keep them combined with each other into aggre-

gates. The morphology, size, forming performance, and crushing behavior of gran-

ules as well as the microstructure and density of as-fabricated β-TCP ceramics were

used to optimize the PVB contents. Promising results could be expected with PVB

contents at 1.0 wt.% and the average particle size of granules was 37.36 mm. The

modified granules exhibited excellent forming performance with monodispersed

and spherical aggregates for 3DP. They could be completely crushed under 80 MPa

without obvious intergranules voids. These granules with 1.0 wt.% PVB had

defined strengths for ceramic forming. Huang and Bártolo [10] presented an exten-

sive rheological characterization of polymer/ceramic blends commonly used for the

fabrication of bone scaffolds through AM. The fabrication of optimized scaffolds

for bone regeneration requires complex physical and biological requirements, which

strongly depend on the processing conditions and the material morphological devel-

opment during the fabrication process. Poly-ε-caprolactone (PCL)/hydroxyapatite

(HA) and PCL/TCP blends with different ceramic contents (5, 10, and 20 wt.%)

were prepared using melt blending and studied using rotational and oscillation rheo-

logical tests. Screw-assisted extrusion AM systems have been extensively used to

produce bone scaffolds in a wide range of polymers and polymer/ceramic compo-

sites, as illustrated in Fig. 17.1.

Results showed that all samples present a shear-thinning behavior making them

suitable for AM. All samples present a viscoelastic behavior with significantly high-

er viscous modulus than elastic modulus at low frequencies. Both moduli increase

with the addition of ceramic particles. Their results also showed that PCL/HA sam-

ples present a higher elastic modulus than PCL/TCP. Roopavath et al. [11] pre-

sented materials and the design optimization of clinically approved HA using

extrusion-based 3DP process. The effect of various printing parameters including

print speed, extrusion pressure, accuracy, and infill density to produce defined

porous structures was established using various techniques, as depicted in Fig. 17.2.

Scanning electron microscopy (SEM) and microcomputed tomography have

been employed in particular to study internal and external accuracy. Mechanical

testing was employed to study the effect of porosity on compressive properties of

3D printed structures. The study showed that the infill density and shrinkage of 3D
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printed HA scaffolds postsintering have a linear relationship. Porosity and mechani-

cal strength of 3D printed scaffolds depend on the infill density of the designed

CAD file. Tailoring infill density also helps in altering mechanical properties in a

predictable manner. A case study on HA printing of a patient-specific bone graft

demonstrated the ability of this material and technique to print complex porous

structures created on CT-based anatomical bone models and preoperative 3D plan-

ning, providing further promise for custom implant development for complex bony

designs. Yang et al. [12] focused on preparing diamond tools with orderly arranged

abrasive particles for dental ceramics processing via 3DP to overcome such draw-

backs of the existing methods of dental ceramics processing as weak bonding

strength, short service life, and irregular diamond distribution in diamond tools.

First, the CAD model of the dental diamond tool was constructed using 3D carto-

graphic software, with level-scan path geometry information generated via hierar-

chical slicing, as presented in Fig. 17.3.

Figure 17.1 Diagram of (A) screw-assisted extrusion printhead (B) polymer printing process

[10].

Figure 17.2 Images of STL file and 3D printed HA Cube scaffolds at different infill

densities sintered at 1350�C [11]. 3D, Three-dimensional; HA, hydroxyapatite.
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Then, using Ni�Cr alloy powder and diamond as raw materials, the dental cera-

mics processing diamond tool with orderly arranged diamond particles was pre-

pared via a 3D printer. Next, an X-ray diffractometer, energy dispersive

spectrometer, and scanning electron microscope were used to analyze the micro-

structure of the Ni�Cr alloy and diamond particle interfaces, resulting in the identi-

fication of their bonding mechanism. Finally, the diamond grinding wheel produced

by 3DP was subjected to dental zirconia ceramics grinding performance tests. The

results obtained confirm that diamond particles experience normal wear, while no

abrasive falling off occurs on the 3D printed diamond tool surface. Trombetta et al.

[13] performed a systematic review examining the fabrication of calcium phosphate

(CaP) ceramics by 3DP, their biocompatibility in vitro, and their bone regenerative

Figure 17.3 (A) Entity model of diamond tool. (B) Regular distribution of diamond abrasive

particles. (C) Diamond tool with regularly distributed grains [12].
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potential in vivo, as well as their use in localized delivery of bioactive molecules or

cells. Understanding the advantages and limitations of the different 3DP

approaches, CaP materials, and bioactive additives through critical evaluation of

in vitro and in vivo evidence of efficacy was essential for developing new classes

of bone graft substitutes that can perform as well as autografts and allografts or

even surpass the performance of these clinical standards. Hierarchical structures

with tailored macro/microporosity architecture play an important role in bone tissue

regeneration. In the 3DP process, the printing ink formulation will influence the

ceramic macro- and microporous architectures. Fig. 17.4 illustrates major technolo-

gies used in 3DP of pure or composite CaP scaffolds for bone regeneration and

drug delivery.

In the paper of Zhang et al. [14], HA powders of nanosized grains (NP) with dia-

meters of 30�50 nm, air-jet milling powders (AP) with diameters of 10�30 μm,

and spherical powder (SP) with diameters of 10�50 μm, were used as the initial

printing materials in the printing ink formulations. The viscosity and the rheological

behavior of printing inks were studied. The microstructure and morphology of the

printed scaffold were observed and the mechanical properties of different types of

scaffolds were tested, as given by Fig. 17.5.

The results showed that the initial printing materials would influence printing

performance, both of the AP and SP inks may print porous scaffolds successfully.

However, NP printing inks exhibited dramatic shrinkage and it was not suitable for

3DP of bioceramics. The printing ink formulation also has effects on the ceramic

macro- and microporous architectures and mechanical properties. The maximum

compressive strength of spherical powder scaffold (SPS) was 5.5, 3.2, and 0.9 MPa

with porosities of 60%, 70%, and 80%, respectively. As the macroporosity

decreases, the mechanical properties of the material would drop dramatically. With

the same porosities, the compressive strength of air jet milling powder scaffold was

slightly higher than that of the SPS specimens.

17.2 Application of three-dimensional printed ceramic in
mechanics

AM is an innovative complex shaping technique with unlimited freedom and flexi-

bility in fabrication. Though the majority of AM processes were focused in poly-

mers, they were later extended to metals and very recently to ceramics.

Conventional prototyping of ceramics, especially complex parts proceeds through

several iterations of design and fabrication of dies, molds, fixtures, etc. which were

cost-intensive and also time is taken to arrive at the final designs. Often the finished

parts also need machining to achieve the microfeatures. 3DP of ceramics with its

inherent advantages simplifies the above issues, especially for fabrication of proto-

types leading to the selection of optimum designs in a very short time. Further, as

the same infrastructure was based on the printing of ceramic shapes using software-

generated virtual images it also results in lower cost. In this section, the 3DP
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regeneration and drug delivery [13]. (A) Vat Polymerization, (B) powder bed fusion, (C) material extrusion, and (D) binder jetting. 3D, Three-

dimensional.



technology using ceramics is highlighted through the applications. Peng et al. [15]

used Al2O3 ceramics parts that were printed by inkjet printing technology with dif-

ferent printed paths distributions, such as the spiral printed path, round trip straight

printed path, and ladder lap printed path. The influence of inkjet-printed paths on

sintering performance and thermal shock resistance of the Al2O3 green bodies was

investigated. The sintering performance of the green sample with the ladder lap

printed path was the highest among the three samples. The samples were built up

from layers of ceramic ink. Sintered at 1550, its ;bulk density and porosity reached

3.73 g/cm3 and 10.80%, respectively. In addition, the thermal shock resistance of

the sample with the step print path reached 11 times. The results suggest that the

optimization of the printed path provides an effective way to print 3D ceramics

with good performances through 3D inkjet-printing technology. Mask projection

stereolithography (MP-SL) can be used to fabricate complex ceramic parts layer by

Figure 17.5 Porous bioceramics produced by inkjet 3D printing: effect of printing ink

formulation on the ceramic macro- and microporous architectures control [14]. 3D,

Three-dimensional. (A) Vat Polymerization, (B) Powder bed fusion (C) Material extrusion

(D) Binder jetting.

357Three-dimensional printing of ceramic powder technology



layer through the photopolymerization of ceramic suspensions. The broadening or

lateral overcure of the curing shape occurs because of light scattering effects.

Achieving a better dimension and strength quality by adjusting light energy delivery

in the boundary mask area has been insufficiently investigated thus far [16]. In his

study, the conventional mask was segmented into the boundary and interior masks.

The exposure time and power of the boundary mask (two pixels wide) were varied

to investigate the effects of segmented exposure. The segmented exposure con-

strained the dimension errors to a width of within two pixels for a feature dimen-

sion of fewer than 1200 μm. It further smoothed the lateral surface of the green part

to achieve Ra values of below 6 μm. Moreover, enhancing the boundary mask

increased the flexural strength and Weibull modulus to 248 MPa and 11.1, respec-

tively. The micro- and macrostructures of the fabricated parts before and after the

thermal treatment are shown in Fig. 17.6.

The results indicate that segmented exposure can potentially be used in complex

lattice ceramic structures. Monodispersed and spherical β-TCP granules for 3DP

were prepared by spray drying with the surface modification of PVB [17]. Modifier

PVB was attached to the particle surface to form the cross-linked network structure

and keep them combined with each other into aggregates. The morphology, size,

forming performance, and crushing behavior of granules, as well as the microstruc-

ture and density of as-fabricated β-TCP ceramics were used to optimize the PVB

contents. Promising results could be expected that PVB contents were 1.0 wt.% and

the average particle size of granules was 37.36 mm. The modified granules

Figure 17.6 Micro- and macrostructures of the fabricated parts before and after the thermal

treatment: (A) SEM image of the green part; (B) SEM image of the brown part after

debinding at 525�C; (C) SEM image of the sintered part after sintering at 1650�C for 2 h;

(D) optical image of the plate (green part, parameter A-1, plate number 1); (E) optical image

of the plate (sintered part, parameter A-1, plate number 1); and (F) an indexable insert and a

porous scaffold, used to demonstrate the capability of high precision fabrication [16]. SEM,

Scanning electron microscopy.
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exhibited excellent forming performance with monodispersed and spherical aggre-

gates for 3DP. They could be completely crushed under 80 MPa without obvious

intergranules void. These granules with 1.0 wt.% PVB had defined strengths for

ceramic forming. The good dispersity and flowability assured the high density and

uniform porous structure of β-TCP ceramics, which were used as biological ceramic

materials and completely met the standard for bone tissue engineering. Particle size

gradation was regarded as an effective method for overcoming the contradicting

requirements in 3DP. Particle size gradation was optimized to obtain both

acceptable flowability of the powder material and high-strength 3D printed

glass�ceramic products [18]. As an inorganic material, glass�ceramic material

possesses good bioactivity, osteoconductivity, chemical stability, and mechanical

properties, and therefore it is regarded as a good candidate for bone scaffold

(Fig. 17.7).

The effect of gradation on the printing process, sintering process, and perfor-

mance of the 3D printed glass�ceramic products was investigated comprehen-

sively. The glass�ceramic powders with three size ranges were mixed in certain

proportions and applied to print parts. The result showed parts printed with powder

mixed by 60 wt.% 45�100 μm and 40 wt.% 0�25 μm particles had a satisfactory

density of 1.60 g/cm3 and bending strength of 13.8 MPa. The flowability decreased

with an increasing proportion of fine particles. Part density was determined by the

powder bulk density in the powder bed as well as the shrinkage during sintering

while the strength of part was found to be dependent on the sintering degree.

Directionally solidified eutectic ceramics such as Al2O3/ZrO2 were promising struc-

tural materials for applications in a harsh environment with an ultrahigh tempera-

ture. Liu et al. [19] adopted assistant heating laser 3DP and Al2O3/ZrO2 eutectic

samples were manufactured suppressing the formation of cracks. The setting of the

equipment and the schematics of the experimental process of the laser 3DP are

shown in Fig. 17.8. This consists of a PRC2000 continuous wave CO2 laser, a four-

axis numerical control working table, a powder feeder with a lateral nozzle, and a

preheating system close-loop controlled by the thermal couple and the temperature

controller (Shimaden, SRS13A).

The dependence of the average rod spacing (λav) on the scanning rate (V) fol-

lows a relation with λavV
0.5 5 1 μm1.5 s�0.5 . Typical eutectic microstructures, so-

called complex regular, were analyzed with respect to their evolution with modulat-

ing the growth conditions. The formation mechanism of the solidification defect,

shrinkage porosity, was discussed and the defect was found to be significantly sup-

pressed by optimizing the solidification parameters. The maximum hardness and

Figure 17.7 Picture of (A) cylinder scaffolds and (B) custom-made scaffolds [18].
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fracture toughness were measured to be 16.7 GPa and 4.5 MPa m1/2, respectively.

The interplay between the propagation of cracks and the Al2O3/ZrO2 interface was

discussed. Biswas et al. [20], unlike the UV or visible curable resins generally used

to 3D print the green ceramic parts, presented a new concept of thermally induced

gelation of methylcellulose (MC) to retain the shape while printing of the parts. In

this process, magnesium aluminate spinel paste formulated with 0.25% by weight

of MC having optimized rheology was 3D printed simultaneously with exposure to

the hot air flow close to the MC gelation temperature. Magnesium aluminate spinel

test specimens were also shaped using generally practiced slip casting process for

the sake of comparison, as the slip casting process was not adaptable to fabricate

the parts’ microfeatures by 3DP in the present study. The formed parts by both the

techniques were pressure less sintered at 1650�C. 3D printed spinel specimens have

shown comparable density, hardness, and flexural strength with respect to the slip

cast specimens complemented by fractographic analysis. Maurath and Willenbacher

presented [21] a novel processing route for manufacturing highly open-porous, hier-

archically structured ceramics via direct ink writing (DIW). We manufactured cellu-

lar samples with overall porosities up to 88% that exhibit fully open-porous struts

with porosities between 45% and 60% and pore sizes 3 50, 3, 6 m using capillary

suspension-based inks. Fig. 17.9 shows the processing steps for manufacturing

ceramic structures via filamentary-based DIW. The capillary suspensions were

extruded through tapered nozzles (inner diameters of: 200, 250, 610 μm; Nordson

EFD).

An innovative processing strategy enabled manufacturing of crack-free, unde-

formed, cellular ceramic samples. We printed hexagonal honeycomb structures that

showed exceptionally high specific strength under compression load and signifi-

cantly enlarged the strength-density range that was covered by sintered capillary

suspensions, so far. Without loss of mechanical strength, the density of ceramic

parts was decreased by about a factor of 2�3. Strength of in-plane and out-of-plane

Figure 17.8 Schematic diagram of the equipment and the experimental process of the laser

3D printing [19]. 3D, Three-dimensional.
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loaded hexagonal honeycomb structures varies according to common scaling laws

for cellular structures. The honeycombs were mechanically more efficient than bulk

specimens from capillary suspensions since they show a distinctly lower sensitivity

of strength on density. Zhu et al. [22] developed a novel method to fabricate carbon

fiber reinforced SiC (Cf/SiC) composites by combining a 3DP and liquid silicon

infiltration process. Green parts were first fabricated through 3DP from a starting

phenolic resin-coated carbon fiber composite powder; then the green parts were

subjected to vacuum resin infiltration and pyrolysis successively to generate carbon

fiber/carbon (Cf/C) preforms; finally, the Cf/C preforms were infiltrated with liquid

silicon to obtain Cf/SiC composites. The preparation process is schematically

shown in Fig. 17.10.

The 3DP processing parameters show significant effects on the physical proper-

ties of the green parts and also the resultant Cf/C preforms, consequently greatly

affecting the microstructures and mechanical performances of the final Cf/SiC com-

posites. The overall linear shrinkage of the Cf/SiC composites was less than 3%,

and the maximum density, flexural strength, and fracture toughness were

2.836 0.03 g/cm3, 2496 17.0 MPa, and 3.486 0.24 MPa m1/2, respectively. It

demonstrates the capability of making near-net-shape Cf/SiC composite parts with

complex structures. A stereolithography (SLA)-based method of 3DP was success-

fully used to fabricate a complex-shaped triangular zirconia cutting tool with a tool

withdrawal groove and a honeycomb ceramic component [23]. A diagram of the

working principles of digital light processing (DLP) is shown in Fig. 17.11.

The sintered bodies displayed significant shrinkage after sintering, with the max-

imum shrinkage being 35.26%. The X-ray powder diffraction pattern indicated that

the crystalline phase of the parts was the t-ZrO2 phase, while SEM characterization

revealed that the sintered bodies were composed of densely packed submicron-

grade grains, without any discernible pores. The density of the parts was measured

as 97.14% via Archimedes’ water displacement method, which was consistent with

the results of SEM characterization. Additionally, the measured Vickers hardness

and fracture toughness of the fabricated parts were 13.0597 GPa and

6.0380 MPa m1/2, respectively. These values were close to the structural properties

of common zirconia ceramics prepared by conventional approaches. Hence, a novel

Secondary phase
(blinder solution)

Solid phase

Bulk phase

Printing Drying

Capillary suspension Direct ink writing Dried green body Sintered sample

Substrate

Nozzle

Green body

Solidified
binder

Pore

Thermal
debinding +
sintering

Figure 17.9 Flow sheet of the processing route for direct ink writing of capillary suspension

based inks. The open-porous structure of the sintered filaments is based on the open-porous

network of capillary suspensions that serve as precursor for the ceramic part [21].
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DLP- SLA-based 3DP process for the fabrication of complex and dense zirconia

ceramic parts has been proposed in this work. Zhang and Yang [24] described two

ceramic-forming technologies based on 3DP. One technology forms the product

with 3DP indirectly, while the other technology forms the product directly with

3DP. The whole 3DP technique, including computer-aided design, 3DP of a model

Figure 17.10 The schematic diagram of the procedure for fabricating Cf/SiC composite

parts [22].

Figure 17.11 The working principles of DLP [23]. DLP, Digital light processing.
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with plastic laminate, molding with plaster, and slip casting, was shown to produce

a pineapple cup. Compared with the traditional ceramic-forming technology, the

new method was more efficient, and articles can be precisely made, especially for

mass production of complicated designs. Lee et al. [25] demonstrated the usefulness

of the lithography-based ceramic 3DP technique with a specifically designed top-

down process for the production of porous CaP ceramic scaffolds with tailored pore

orientations and mechanical properties. The processing parameters including the

preparation of a photocurable CaP slurry with high solid loading (j5 45 vol.%), the

exposure time for photocuring process, and the initial designs of the porous scaf-

folds were carefully controlled. Three types of porous CaP scaffolds with different

pore orientations (i.e., 0_/90_, 0_/45_/90_/135_, and 0_/30_/60_/90_/120_/150_)

were produced as a way to control mechanical properties of the scaffolds

(Fig. 17.12). Each scaffold was composed of straight CaP frameworks arranged in a

controlled, periodic pattern.

All the scaffolds exhibited a tightly controlled porous structure with straight

CaP frameworks arranged in a periodic pattern while the porosity was kept con-

stant. The porous CaP scaffold with a pore orientation of 0_/90_ demonstrated

the highest compressive strength and modulus due to a number of CaP frame-

works parallel to the loading direction. On the other hand, scaffolds with multiple

pore orientations may exhibit more isotropic mechanical properties regardless of

the loading directions. The porous CaP scaffolds exhibited an excellent in vitro

apatite-forming ability in a simulated body fluid (SBF) solution. These findings

suggest that porous CaP scaffolds with tailored pore orientations may provide

tunable mechanical properties with good bone regeneration ability. With the

development of information technology, 3DP technology, which was called the

symbol of the third industrial revolution and characterized by digitalization,

Figure 17.12 Schematic diagram showing the porous structures of various CaP scaffolds

with different pore orientations with their top-down view of the repeating CaP frameworks

[25]. CaP, Calcium phosphate.
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artificial intelligence, and new materials application, has brought a revolutionary

reform to the future product manufacture. On the basis of the application of 3DP

technology to the ceramic product design, an introduction to the working princi-

ple of 3DP technology and the advantages of its application to the ceramic prod-

uct design was made, and the influence of 3DP technology development on the

ceramic product design was discussed from four aspects, including design ideas,

design models, ceramics designers, and product development modes, finally

together with a further analysis of the limitations as well as the prospects of the

application of 3DP technology to the ceramic product design [26]. In situ HA/

apatite�wollastonite glass�ceramic composite was fabricated by a 3DP tech-

nique and characterized [27]. It was found that the as-fabricated mean green

strength of the composite was 1.27 MPa which was sufficient for general han-

dling. After varying sintering temperatures (1050�C�1300�C) and times

(1�10 hours), it was found that sintering at 1300�C for 3 hours gave the greatest

flexural modulus and strength, 34.10 GPa and 76.82 MPa, respectively. This was

associated with a decrease in porosity and an increase in densification ability of

the composite resulting from liquid phase sintering. Bioactivity tested by soaking

in SBF and in vitro toxicity studies showed that 3D printed HA/A�W glass

ceramic composite was nontoxic and bioactive. A new CaP layer was observed

on the surface of the composite after soaking in SBF for only 1 day while osteo-

blast cells were able to attach and attain normal morphology on the surface of

the composite.

17.3 The three-dimensional printing technology in
physics

AM is an innovative complex shaping technique with unlimited freedom and flex-

ibility in fabrication. Though the majority of AM processes were focused on poly-

mers, it was later extended to metals and very recently to ceramics. Conventional

prototyping of ceramics, especially complex parts, proceeds through several itera-

tions of design and fabrication of dies, molds, fixtures, etc. which were cost-

intensive and also time is taken to arrive at the final designs. Often the finished

parts also need machining to achieve the microfeatures. 3DP of ceramics with its

inherent advantages simplifies the above issues, especially for fabrication of pro-

totypes leading to the selection of optimum designs in a very short time. Further,

as the same infrastructure is based on the printing of ceramic shapes using

software-generated virtual images, it also results in lower cost. This section pre-

sents the role of physics in developing 3DP technology by focusing on the signifi-

cant research done in this direction. Xing et al. [28] developed a high solid

loading suspension of Al2O3 dispersed in a UV curable acrylic-based resin,

suitable for SLA-3DP of microcomponents with complex shapes. Silane coupling

agents KH550, KH560, and the stearic acid (SA) were investigated as the
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surfactants for Al2O3 particles, and the low viscosity acrylic monomers ACMO,

HDDA, and NPG2PODA were used as the reactive diluents for Di-TMPTA-based

premixed resins. Al2O3 ceramic microcomponent was manufactured using SLA

technology and subsequent sintering, as shown in Fig. 17.13.

The modified Al2O3 powders exhibit different wettability with premixed resins

to cause the different rheology behaviors among the formulated suspensions. The

KH560-modified Al2O3 powders show the better wettability performance with

NPG2PODA/Di-TMPTA-based solvents and their corresponding 75 wt.% Al2O3

suspensions (44.2 vol.% solid loading) with a viscosity <25,000 mPa s at 30 sec-

ond21 shear rate were successfully prepared. The further analyses approve that

hydrophobic structures of KH560 molecules have been introduced on the surfaces

of Al2O3 powders. This consequence results in the lowest sediment rate and contact

angle between the KH560-modified Al2O3 powders and NPG2PODA/Di-TMPTA-

based resins, which contributes to their better wettability performance. The opti-

mum parameter of NPG2PODA concentration of prepared suspension was range

from 50% to 70% in the premixed resin. Finally, Al2O3 ceramic microcomponent

with 99.5% density was fabricated via an SLA process and subsequent sintering.

Both the Al2O3 suspensions and sintered microcomponents exhibit good homoge-

neous microstructures, indicating an optimistic dispersal uniformity of KH560-

modified Al2O3 particles in the premixed resins. Li et al. [29] developed a high

solid loading suspension of Al2O3 dispersed in a UV-curable acrylic-based resin,

suitable for SLA-3DP microcomponents with complex shapes. Silane coupling

agents KH550, KH560, and SA were investigated as the surfactants for Al2O3 parti-

cles, and the low viscosity acrylic monomers ACMO, HDDA, and NPG2PODA

were used as the reactive diluents for Di-TMPTA-based premixed resins. The modi-

fied Al2O3 powders exhibit different wettability with premixed resins to cause the

different rheology behaviors among the formulated suspensions. The KH560-

modified Al2O3 powders show the better wettability performance with

NPG2PODA/Di-TMPTA-based solvents and their corresponding 75 wt.% Al2O3

Figure 17.13 Schematic representing the fabrication process of Al2O3 microcomponents via

SLA technology [28]. SLA, Stereolithography.
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suspensions (44.2 vol.% solid loading) with a viscosity <25,000 mPa s at 30 sec-

ond21 shear rate were successfully prepared. Several images of the SiBCN exam-

ples before and after pyrolysis were shown in Fig. 17.14. The printed green body

had fine and complicated features, which could be well preserved after pyrolysis at

900�C without visible deformation due to the homogeneous shrinkage of the

material.

The further analyses prove that hydrophobic structures of KH560 molecules

have been introduced on the surfaces of Al2O3 powders. This consequence results

in the lowest sediment rate and contact angle between the KH560-modified Al2O3

powders and NPG2PODA/Di-TMPTA-based resins, which contributes to their bet-

ter wettability performance. The optimum parameter of NPG2PODA concentration

of prepared suspension ranged from 50% to 70% in the premixed resin. Finally,

Al2O3 ceramic microcomponent with 99.5% density was fabricated via an SLA pro-

cess and subsequent sintering. Both the Al2O3 suspensions and sintered microcom-

ponents exhibit good homogeneous microstructures, indicating an optimistic

dispersal uniformity of KH560-modified Al2O3 particles in the premixed resins. For

SLA 3DP applications, Al2O3 ceramic particles with a different coating thickness

of silane coupling agent (VTES, vinyltriethoxysilane) were prepared by hydrolysis

and condensation reactions [30]. Then, VTES-coated Al2O3 ceramic particles were

dispersed in commercial photopolymers (3DK-A83B) based on interpenetrating net-

work phenomena (Fig. 17.15).

The morphology and average coating thickness of VTES-coated Al2O3 ceramic

particles were observed by field-emission (FE) transmission electron microscopy,

and the particle size of VTES-coated Al2O3 ceramic particles was investigated by a

laser scattering particle size distribution analyzer. The dispersion stability of the

Figure 17.14 The pictures of (A�C) the printed green components and (D�F) the

corresponding pyrolyzed SiBCN ceramic components [29].
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VTES-coated Al2O3/3DK-A83B composite solution with different VTES coating

thicknesses and ceramic contents was investigated by Turbiscan and relaxation

nuclear magnetic resonance, while the optimum coating conditions for VTES were

also observed. In the case of Al2O3 ceramic particles with a similar VTES coating

thickness, the dispersion stability was similar, even when the ceramic content

increased. The cross-sectional images of 3D printed objects were observed by FE-

SEM, and about 48% of volume shrinkage of the 3D printed objects was calculated

after sintering. Park et al. [31] presented a new conversion process combined with a

3DP technique that has been developed for application in the fabrication of a

ceramic core. The new process allows the provision of a sufficient amount of inor-

ganic binder on the particle surface and at the interface between particles. Two

types of polyvinyl alcohol (PVA) with a similar molecular structure, but with a

large difference in decomposition temperature were used as an organic binder. A

green body was prepared with two kinds of PVA using a 3D printer, which was

heat-treated at 250�C to evaporate the PVA with the lower decomposition point.

The heat-treated core samples were dipped into the inorganic precursor and then

dried and heat-treated at 1000�C for the organic�inorganic conversion process. In

the new conversion process, the formability of the core sample was controlled

through the remaining organic compounds and the inorganic binder penetrating

between particles and/or coated on the particle surface, and the firing strength was

attributed to the glass phase generated by the inorganic precursor. The firing

strength of the core prepared through the new process was improved because of the

increase in the inorganic precursor that infiltrated the spaces/sites of the decom-

posed PVA, and it could be readily applied to the production of a core using 3DP

techniques without further shrinkage in high-temperature heat treatment. Kunchala

Figure 17.15 Schematic illustration of dispersion mechanism of ceramic particles according

to coating thickness of silane coupling agents in photopolymer solution [30].
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and Kappagantula [32] examined the effects of nanoparticle densifiers added to

printing liquid on the mechanical performance and manufacturability of ceramics

made using binder jetting. “Green” alumina samples were synthesized with filler

particles of average particle size 40 μm embedded with nanoparticles of the average

size of 50 nm suspended in the printing liquid with varying concentration of

0�15 wt.%. Samples were characterized for density, porosity, compressive strength,

and printing liquid penetration depth in the filler powder layer assessed using sur-

face tension testing, as illustrated in Fig. 17.16.

Results showed that the presence of the nanoparticle had a marked effect on the

physical and mechanical properties of the samples whose relative density (RD)

increased by about 30%. Micro-CT imaging of the samples showed a decrease in

interparticle pores with an addition of 15 wt.% alumina nanoparticles. Compressive

strength improved by 743%, from 76 to 641 kPa as the densifier content was

increased from 0 to 15 wt.%. The surface tension of the printing liquid decreased

from 44 to 23 mN/m with increasing densifier concentration from 0 to 15 wt.%,

indicating that the penetration depth of the printing liquid would decrease with

increasing densifier content. Implications of this approach on high-density ceramic

part printing efficiency were discussed in detail. Shao et al. [33] presented the 3D

gel-printing (3DGP) process based on a water-based gelation system which was

was used to prepare zirconia (ZrO2) ceramic parts. 3DGP was a new printing

method, which was based on a 2-hydroxyethyl methacrylate gelation system to pro-

duce complex shape parts, as depicted in Fig. 17.17.

The water-based ZrO2 ceramic slurry with a solid volume fraction of 50 vol.%

was prepared and its rheological property was characterized. The surface roughness

was Ra 8.90 μm on the printed green sample and Ra 8.25 μm on the sample after

sintered at 1520�C for 2 hours. The RD, the Vickers hardness, and the transverse

rupture strength of the sintered sample were 97.6%, 14.4 GPa, and 450 MPa,

respectively. Tian et al. [34] fabricated successfully BN�SiO2 porous ceramics

with high porosity using bottom-up DLP SLA and pressureless sintering. The phase

composition, microstructure, compressive strength, dielectric properties, and poros-

ity of the porous material were investigated. The results show that the skeleton of

Figure 17.16 Schematic of pendant droplet test set up. Inset shows the image of a droplet

captured during testing, showing the equatorial and selected-plane diameters [32].
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the porous material was composed of h-BN, and the silica was “coated” on the sur-

face of the h-BN particles. The dielectric constant, dielectric loss, compressive

strength, and porosity of the material were 1.41�1.45, 1.85 3 1023�1.93 3 1023,

11.2 MPa, 77.2%, respectively. These characteristics make the h-BN�SiO2 porous

ceramics useful in the wave transmitting field. The HA scaffolds doped with

MgSiO3 were prepared by 3DGP technology by He et al. [35]. The effect of

MgSiO3 in the scaffold characteristics has been studied, and the composite ceramic

scaffold with higher strength was obtained. The viscosity of different MgSiO3

weight percentages slurry decrease with the shear rate increases. When the solid

loading was 50 vol.% and the shear rate was 100 S2 1, the viscosity of the slurry

decreased with the weight percent of MgSiO3 increasing. The scaffold has intercon-

nected internal structures and the sintered body has a pore size of about

350�620 μm. The porosity of the scaffolds with different weight percents of

MgSiO3 was kept at 65%, and the scaffold with 3% MgSiO3 has the highest com-

pressive strength of 93.15 MPa. As an increasing weight percent of MgSiO3, the

compressive strength of the scaffold gradually decreases and remains at 40 MPa

eventually. The ceramic scaffold with 3% MgSiO3 has better degradability than

that of other weight percent of MgSiO3. After soaking in Tris�HCl solution for 5

weeks, the weight loss of the scaffold reached 9.91%. Kim et al. [36] developed a

simple and facile method to fabricate functional bulk barium titanate (BaTiO3, BT)

ceramics using the paste extrusion 3DP technique. The BT ceramic was a lead-free

ferroelectric material widely used for various applications in sensors, energy stor-

age, and harvesting. There were several traditional methods (e.g., tape casting) to

Figure 17.17 Schematic diagram of the 3DGP process for printing zirconia parts [25].

3DGP, Three-dimensional gel-printing.

From X.Y. Ren, H.P. Shao, T. Lin, H. Zheng, 3D gel-printing—an additive manufacturing

method for producing complex shape parts, Mater. Des., 101 (2016), pp. 80-87, https://doi.

org/10.1016/j.matdes.2016.03.152.
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process bulk BT ceramics but they have disadvantages, such as difficult handing

without shape deformation, demolding, complex geometric shapes, expansive

molds, etc. Fig. 17.18 shows each 3D printed sample at different binder ratios of

1:14, 1:10, and 1:8.8, which are BT vol.% of 20.50, 26.25, and 28.66, respectively.

In this research, the paste extrusion 3DP technique was utilized to overcome the

traditional issues and develop printable ceramic suspensions containing BT ceramic

powder, polyvinylidene fluoride (PVDF), N,N-dimethylformamide through a simple

Figure 17.18 (A) Typical oxide ceramic microcomponents with high precision and high

smoothness; (B�E) microcellulars with different diameters and helical pore structure;

(F and G) microgears with different geometry and size; (H) a microturbine rotor; (I) a

periodic columnar array with the diameter of the pillar B100�200 μm [37].
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mixing method and chemical formulation. This PVDF solution performed multiple

roles of binder, plasticizer, and dispersant for excellent manufacturability while pro-

viding high volume percent and density of the final bulk ceramic. Based on empiri-

cal data, it was found that the maximum binder ratio with good viscosity and

retention for desired geometry was 1:8.8, while the maximum BT content was

35.45 vol.% (77.01 wt.%) in order to achieve a maximum density of 3.93 g/cm3

(65.3%) for 3D printed BT ceramic. Among different sintering temperatures, it was

observed that the sintered BT ceramic at 1400�C had highest grain growth and tet-

ragonality which affected high performing piezoelectric and dielectric properties,

200 pC/N and 4730 at 103 Hz, respectively. This paste extrusion 3DP technique and

simple synthesis method for ceramic suspensions were expected to enable rapid

massive production, customization, the design flexibility of the bulk piezoelectric

and dielectric devices for next-generation technology. Liu et al. [37] successfully

developed a unique 3DP approach based on mask�image�projection SLA to fabri-

cate structural ceramics microcomponents with low cost and high efficiency.

Ultradense submicron crystalline ceramics without fierce grain growth could be

obtained via tailoring the sintering kinetics. The ZrO2 ceramic microcomponents

reached the highest RD of 99.7% with the average grain size of 0.52 μm upon sin-

tering at 1550�C while the Al2O3 ceramic micro components reached its highest

RD of 98.31% with the average grain size of 2.6 μm upon sintering at 1600�C.
Oxide ceramics microcomponents of fully flexible design can be produced easily

without visible defects via the method developed in this study, which demonstrates

significant potential in the applications of microelectromechanical systems, micro-

optical electronics systems, and microoptoelectromechanical systems. The method

developed in this study has addressed the problem successfully by healing the inter-

layer interface defects in the densification process via the sintering kinetic window

and microstructure evolution. The current work provides a promising opportunity to

fabricate structural ceramic microcomponents with complex shape, high precision,

and high surface smoothness. Transformation of gypsum model fabricated by 3DP

into HA by treating in ammonium phosphate solution was possible. However, 3DP

powder supplied by the manufacturer contains unknown additives which may be

questionable for biomaterials. Accordingly, pure plaster of Paris (POP) powder was

used for fabrication in the present study [38]. For accurate fabrication, reduction of

supplied binder ink to 80% of the standard amount for 3DP powder supplied by the

manufacturer was found to be the optimal condition for POP fabrication. The trans-

formation from POP to HA was done by immersing into 1 mol/L ammonium phos-

phate solution. However, preheating of the fabricated POP specimen at 200�C for

30 minutes to change from calcium sulfate dihydrate into calcium sulfate hemihy-

drate could accelerate the transformation into HA effectively. To increase compres-

sive strength, HA transformed specimen was sintering at 1150�C for 3 hours. The

compressive strength increased four times compared with a transformed HA speci-

men. However, the crystal structure was transformed to β-TCP due to the chemical

reaction between the transformed HA and remained phosphate from ammonium

phosphate solution at the sintering temperature. A sophisticated application of the
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present 3DP method to fabricate the freeform bio ceramic for the osseous defect

was attempted, and jaw bone defect filling biomaterial of β-TCP and scaffold with

microporous structures could be fabricated. The present 3DP method has the possi-

bility to fabricate freeform bioceramic for osseous defect or scaffold. Al2O3 cera-

mics were printed by SLA from particles with different particle size distributions,

which were the microsized Al2O3, nanosized Al2O3, and a mixture of both [39].

The influence of the particle size and the debinding method on the density and mor-

phology of the sintered bodies were investigated. The density of the samples con-

taining both microsized and nanosize alumina particles was highest among the three

samples. Furthermore, the samples subjected to the vacuum debinding showed a

higher density compared with the samples subjected to the traditional thermal

debinding. The results suggest that the combination of a powder with a bimodal

particle size distribution and the vacuum debinding process offers an effective way

to print 3D ceramics with good performance through SLA. To fabricate ceramic

components with a complex structure, the bottom-up MP-SL technique was

employed (Fig. 17.19).

However, a fracture or a defect was normally found because of the large separa-

tion force formed between the newly cured layer and the bottom surface of the

slurry tank. Hence, to overcome this issue, an oxygen-permeable layer was inte-

grated into the conventional MP-SL system for printing a β-TCP ceramic slurry by

Lian et al. [40]. The system was based on the fact that oxygen inhibits the photopo-

lymerization process by consuming free radicals. The effects of the light exposure

time and oxygen concentration on the curing depth and thickness of the oxygen-

inhibition layer were investigated. Moreover, the separation forces were indirectly

Figure 17.19 Bottom-up MP-SL equipment with an oxygen-controlled concentration tank

and a separation-force measuring device [40]. MP-SL, Mask projection stereolithography.
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determined using a weight sensor. The results show that the oxygen-inhibition layer

helped in reducing the separation force by 60% compared to that wherein oxygen

was not employed. The solid loading could be increased by up to 44 vol.% and the

printable cross-sectional area by five times. In summary, the proposed oxygen-

controlled bottom-up MP-SL technique helped in improving the ceramic printing

efficiency and product quality. The possibility of obtaining complex structure SiC

ceramic components by 3DP and gel casting was demonstrated [41]. Polyethylene

glycol (PEG)was used to improve the surface quality of SiC specimen and sucrose

was used as the carbon source. Effects of PEG and sucrose on the stability and rhe-

ological properties of SiC slurry were studied. The mechanism of inhibiting SiC

surface exfoliation by PEG and the effect of different sucrose content on the proper-

ties and microstructure of SiC ceramic were investigated. The results showed that

the addition with 1.0 wt.% PEG and 4.0 wt.% sucrose can improve the surface qual-

ity and sintered body properties of SiC ceramics. Therefore a complex structure

SiC impeller, which had good surface quality and properties, was successfully fabri-

cated. Silicon carbide reticulated porous ceramics with a regular shape were suc-

cessfully prepared by combining 3DP, gel casting, and liquid drying [42]. A 3D

reticulated structured PVA mold was first fabricated by 3DP, and then a slurry with

a high-loading of SiC was gel cast into it. The PVA mold could be removed without

any damage to form the gelled SiC structure by immersion in an aqueous solution,

that is, by liquid drying, that is shown in Fig. 17.20 of the silicon carbide green

body.

In the process the gelled parts were immersed into a concentrated PEG aqueous

solution. After sintering, dense SiC ceramics with the reticulated structure were

obtained. Zeta potentials, rheological properties, and gelling behaviors of the slurry

were studied together with liquid drying technology and characteristics of the cera-

mics. The present method shows good potential for fabricating porous and/or

complex-shaped high-quality ceramics, and could also be applied in various kinds

of advanced ceramics. Revelo and Colorado [43] employed kaolinite clay from

Colombia as a raw material for the AM of diverse samples using the DIW tech-

nique in which a filament of the printing material was extruded from a nozzle. DIW

was a simple and inexpensive technology suitable for adaption to large-scale

Figure 17.20 Liquid drying process of gelled silicon carbide green body. (For interpretation

of the references to color in this figure legend, the reader is referred [42].)
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production. Different samples fabricated from clays were manufactured with water

to clay ratios (W/C) of between 0.65 and 0.69. Cylinders for compression tests

were printed and tested after being cured for 1 day at room temperature and then

exposed to 1100�C for 1 hour. Compression, thermal stability, density tests, and

Weibull analysis were presented. SEM images showed no significant macro- or

microdefects after manufacturing, and X-ray diffraction and Rietveld quantitative

analysis revealed different phases. Rheological behavior and several process para-

meters were also shown. Multiple metals-doped polymer-derived SiOC ceramics

with octet truss structure were prepared by employing a photosensitive methyl-

silsesquioxane as preceramic polymer through the sol�gel method and DLP 3DP

[44]. The fabrication process of SiOC ceramic component with octet truss structure

is shown in Fig. 17.21, including synthesis of preceramic polymers, modeling, DLP

3DP, and pyrolysis treatment.

The physical and chemical properties of the preceramic polymers and printed

octet truss structure SiOC ceramics were investigated. Results show that the organo-

silicon preceramic polymers have outstanding photocuring properties and could

transform into amorphous SiOC ceramics at 800�C�1200�C. It was illustrated that

the excellent mechanical properties of SiOC ceramics with octet truss structure

(after 3DP and pyrolysis) were attributed to the metal elements pinning in the amor-

phous matrix on the atomic level. Doping other metal elements such as Fe, Ni, Co,

Pt, etc., was thought to bring promising properties for the lattice structure SiOC

ceramics and potentially further expand its applications in the future. Biswas et al.

[45], unlike the generally employed UV or visible curable resins used to 3D print

the green ceramic parts, used a new concept of thermally induced gelation of MC

to retain the shape while printing the parts. In this process, magnesium aluminate

spinel paste formulated with 0.25% by weight of MC having optimized rheology

was 3D printed and simultaneously exposed to the hot air flow close to the MC

gelation temperature. Magnesium aluminate spinel test specimens were also shaped

Figure 17.21 Additive manufacturing of polymer-derive ceramics. (A) Photocurable

preceramic polymers were prepared by sol�gel method. (B) Octet truss structure was

designed using CAD software. (C) The resin was exposed with LED light in a DLP 3D

printer. (D) The resin model was heat treated with tube furnace in nitrogen atmosphere.

(E) SiOC ceramic component with octet truss structure was obtained after pyrolysis [44].

3D, Three-dimensional; DLP, digital light processing.
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using the generally practiced slip casting process for the sake of comparison, as the

slip casting process was not adaptable to fabricate the parts’ microfeatures by 3DP

in this study. The parts formed by both the techniques were pressureless sintered at

1650�C. 3D printed spinel specimens have shown comparable density, hardness,

and flexural strength with respect to the slip cast specimens complemented by frac-

tographic analysis. The 3DP of a ceramic core with nanoceramic suspension as a

binder was performed to investigate a novel method for the fabrication of a

complex-shaped ceramic core [46]. Green bodies were printed using CaO powder

as a precursor material and nanozirconia-absolute ethyl alcohol solution suspension

as a binder. The green bodies were sintered at 1300�C�1500�C for 2 hours. The

effects of binder saturation level on the properties of the sintered bodies were inves-

tigated. Increasing the binder saturation level caused decreases in the linear shrink-

age of the sintered bodies, but increases in hydration resistance and bending

strength. The nanozirconia particles were deposited on the surfaces of the CaO par-

ticles and filled the pores of green bodies, and then formed a high melting tempera-

ture CaZrO3 layer with the CaO at the surfaces of the CaO grains, which improved

the hydration resistance of the CaO-based ceramic core parts. 3D structured SiC

ceramics with varying feature sizes (100�400 μm) were achieved by DIW of poly-

carbosilane (PCS)/n-hexane solution [47], as shown in Fig. 17.22.

The rheological properties of the PCS solution and printing parameters were tai-

lored for optimum writing behavior. The integrity and clear surface of the filaments

indicated the printing ability to form the self-supporting features along with the

rapid evaporation of the solvent. As-printed 3D structured PCS was processed by

oxidative cross-linking and pyrolysis and converted to SiC ceramic. Although

strong shrinkage occurred during the pyrolysis, SiC ceramic maintained the original

3D structure. Both proper viscoelasticity of printable solutions and the homoge-

neous shrinkage in the pyrolysis determine the integrity and feature characteristics

of 3D structured SiC using DIW preceramic polymer. SiC-based ceramics with the

Figure 17.22 Schematic illustration of the fabrication process of SiC with 3D structure [47].

3D, Three-dimensional.
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periodic structure were successfully fabricated by extrusion free-forming 3DP tech-

nology and liquid silicon infiltration process [48]. The ceramic slurries containing

SiC, carbon black, and chopped carbon fiber were first prepared with the appropri-

ate viscosity and rheological properties; they were formed by extrusion free-

forming 3DP technology and densified by liquid silicon infiltration sintering succes-

sively, to acquire SiC ceramic composites components. The microstructure and

morphology of green parts and sintered bodies were observed. Chopped carbon

fibers were found to be distributed in SiC ceramic composites parts. The sintered

bodies exhibited maximum flexural strength of 300 MPa and sintered linear shrink-

age below 2%. The manufacturing method has demonstrated the big potential to

fabricate ceramic components with personalized complex structure. A SLA-based

AM technique has been used for the fabrication of advanced ceramics [49]. A cus-

tomized 3D printer using a DLP projector as UV source has been built to fabricate

green bodies from photosensitive resins loaded with 25�60 wt.% of alumina, 3-

and 8-YSZ. The 3D printed bodies were then sintered in the 1200�C�1500�C and

exhibited thermal stability. As expected, higher ceramic loadings rendered objects

Figure 17.23 Schematic of the preparation of coated sand molds for fabricating porous

fibrous alumina ceramics [50].
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with a higher density for a given sintering temperature. The limit of solid loading

of the resin was approximately 60% and beyond that content, the extra ceramic

appears as powder loosely adhered to the sintered objects. Photogrammetry was

used to evaluate the accuracy of the 3DP process and highlighted a marked devia-

tion between the CAD model and the resulting object, particularly in the top part of

the specimens, possibly due to the use of volatile solvents which cause changes in

the photoresist used. Nevertheless, that problem may be overcome by thermostatiz-

ing the printer vat and/or using solvents with higher boiling point. The results

obtained suggest the potential application of low-cost DLP 3DP techniques to pro-

cess ceramics for a number of applications including ceramic fuel cells, piezoelec-

trics, dental applications, etc. A novel forming method for preparing porous

alumina ceramics using alumina fibers as raw materials by direct coagulation cast-

ing (DCC) combined with 3DP was proposed [50]. Fig. 17.23 shows the schematic

of the preparation of coated sand molds for fabricating porous fibrous alumina

ceramics.

Porous fibrous alumina ceramics were fabricated through temperature-induced

coagulation of an aqueous-based DCC process using sodium tripolyphosphate

(STPP) as a dispersant and adding K2SO4 as removable sintering additives. The sac-

rificial coated sand molds were fabricated by 3DP technology, followed by the

infiltration of silica sol solution for the subsequent suspension casting.

Stable alumina suspension of 40 vol.% solid loading was obtained by adding

2.0 wt.% STPP and 40 wt.% K2SO4. The controlled coagulation of the suspension

could be realized after heating at 90�C for about 35 minutes. The ceramic sample

sintered at 1450�C for 2 hours showed the highest compressive strength of

24.33 MPa with a porosity of 57.38%. All samples sintered at 1300�C�1450�C had

uniform pore size distributions with an average pore size of 7.2 μm, which indicated

the good structure stability when sintered at high temperature. Minimizing the vari-

ation of the discharging volume becomes a critical point to control the 3D printabil-

ity of non-Newtonian ceramics and precise control of pressure, shear rates, and

time-dependent viscosity become important factors. Taguchi method was used by

Kim et al. [51] to obtain a constant linear-velocity by optimizing the printing para-

meters: A L9 orthogonal array, magnitude, signal-to-noise (S/N) ratio, and extent of

Figure 17.24 Diagram of STE and monkey-bar style 3D printer [51]. 3D, Three-

dimensional; STE, screw type extrusion.
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the impact of independent variables, which were water content in material (WC),

revolutions per minute (RPM), and diameter of the nozzle tip (TIP). This data is

employed to improve the 3D printability and linear-velocity of discharged ceramics.

Bowls, pottery, and patterns of 2.5D and 3D structures have been successfully

printed in various sizes with ceramic materials under optimal conditions. The

Taguchi method optimizes the screw type extrusion process and provides 3DP data

on precise control of ceramics as biomaterials, as shown in Fig. 17.24.

Ceramic parts possessing an ordered porosity were produced for the first time by

powder-based 3DP of a preceramic polymer followed by pyrolysis in an inert atmo-

sphere [52]. The main parameters involved in the process were investigated, and

the precision of the printed and ceramized parts was assessed by means of SEM

and microcomputed tomography. The influence of two different printing solvents

was investigated and the use of a mixture of 1-hexanol and hexylacetate, in particu-

lar, allowed the production of parts with a RD of 80% both in the polymeric and in

the ceramic state. The mixing of a cross-linking catalyst directly with the printing

liquid greatly simplified the process, minimizing the necessity of preprocessing the

starting powder. 3DP of a preceramic polymer not containing any inert or active fil-

lers was proved to be a feasible, convenient, and precise process for the production

of porous ceramic possessing a complex, ordered structure, such as stretch-

dominated lattices. Scheithauer et al. [53] investigated the AM of ceramic-based

functionally graded materials by the direct AM technology thermoplastic 3DP

(T3DP). Zirconia components with varying microstructures were additively manu-

factured by using thermoplastic suspensions with different contents of pore-forming

agents (PFA), which were cosintered defect-free. Different materials were investi-

gated concerning their suitability as PFA for the T3DP process. Diverse zirconia-

based suspensions were prepared and used for the AM of single and multimaterial

test components. All of the samples were sintered defect-free, and in the end, we

could realize a brick wall-like component consisting of dense (,1% porosity) and

porous (approx. 5% porosity) zirconia areas to combine different properties in one

component. T3DP opens the door to the AM of further ceramic-based 4D compo-

nents, such as multicolor, multimaterial, or especially multifunctional components.

In T3DP a high-filled ceramic suspension based on thermoplastic binder systems

was used to produce dense ceramic components by AM [54]. Alumina (67 vol.%)

and zirconia (45 vol.%) suspensions were prepared by ball milling at a temperature

of about 100�C to adjust a low viscosity. After the preparation, the suspension

solidified at cooling. For the sintered samples (alumina at 1600�C, zirconia at

1500�C), a density of about 99% and higher was obtained. FE-SEM studies of the

samples’ cross section showed a homogenous microstructure and a very good bond

between the single printed layers.

Eventually, along with extensive research on the 3DP of polymers and metals,

3DP of ceramics is now the latest trend to come under the spotlight. The ability to

fabricate ceramic components of arbitrarily complex shapes has been extremely

challenging without 3DP. This review has focused on the latest advances in the

3DP of ceramics and presented the historical origins and evolution of each related
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technique [55]. The main technical aspects, including feedstock properties, process

control, posttreatments, and energy source�material interactions, were also dis-

cussed. The technical challenges and advice about how to address these were pre-

sented. Comparisons were made between the techniques to facilitate the selection

of the best ones in practical use. In addition, representative applications of the 3DP

of various types of ceramics were surveyed. Future directions were pointed out for

the advancement of materials and forming a mechanism for the fabrication of high-

performance ceramic components. Moreover, 3DP, alongside the rapidly advancing

field of porous ceramics, is quickly expanding the horizon of what is going to be

possible in the future. In this chapter, 3DP technology was evaluated for its compat-

ibility with porous ceramic materials, due to its competitive process in terms of

speed and specific tooling, especially for good quality fabrication. Hwa et al. [56]

reviewed the capabilities of these new technology techniques for the fabrication of

porous ceramic. The basic technology was the 3DP techniques, which were used to

fabricate porous green ceramic parts that were later sintered. Different ceramic

materials were evaluated and the classification of different powders according to

their 3DP quality as well as material aspects was examined. The evaluation of the

3DP process in terms of the powders’ physical properties such as particle size,

flowability, and wettability were also discussed. The relationship between the dif-

ferent 3DP parameters and the final printing outcome were assessed.

17.4 Conclusion

The new 3DP revolution has tremendous advantages, but at the same time has real

challenges that make the deployment of this promising technology slow, especially

when dealing with ceramic, due to its unique properties. In this chapter, we have

covered the most up-to-date methods that have been adopted in the 3DP technology

to utilize ceramic as a printing material. Although the progress is slow, the potential

in this direction is promising due to its numerous applications.
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18.1 Introduction

Metal oxide powder technology represents a growing asset in numerous areas of

physics materials science and chemistry especially with their heightened mechani-

cal, electronic, and surface properties compared with their bulk counterparts. These

nanomaterials are being multifaceted and can be utilized in various applications, for

example, ecological remediation, therapeutic innovation, cosmetics, and to meet

energy and water deficiencies with their applications projected to increase.

Metal oxide powder have unique properties to form a large diversify of oxide

compounds that allow for numerous applications and uses in industry and consumer

products. These inaugurate vast structural geometries with an electronic structure to

perform different characters (conductive, semiconductive, or insulative).

In internet of things and other innovative technological applications, these nano-

materials find their utilization microelectronic circuits’ fabrication, piezoelectric

devices, fuel cells, anticorrosive coatings, and as catalysts. Increasing energy

demands and forecasted water scarcity threats have also stimulated the research of

these nanostructured metal oxides. Past two decades are the witnessed to renewed

importance of nanostructured metal oxides (such as ZnO) because they depict best

photocatalytic efficiency [1]. Moreover, nanostructured titanium metal oxides are

used to optimize method of photodegradation efficiency in ultraviolet and visible

regions of light [2]. In nut shell, time has proved nanostructured metal oxides very

crucial for every field of study due to its versatile applications, spanning over all

industries.
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Molecule estimate size is relied upon to impact three significant gatherings of

essential characteristics of any material. The first contains the basic qualities of

structural properties, specifically the lattice symmetry and cell parameters [3]. The

bulk oxides are generally vigorous and stable frameworks with well-characterized

crystallographic structural behavior. Be that as it may, the growth significance of

surface free energy and stress with diminishing molecule size changes the thermo-

dynamic stability corresponding with size, and it can instigate the alteration of cell

parameters as well as auxiliary changes [4,5]. At the uttermost the nanoparticle can

disappear due to interactions between its surrounding environment and a high sur-

face free vitality/energy [6]. The necessity of having low surface free energy of a

nanoparticle is significant in order to manifest mechanical and structural ability. Of

note, diminishing the size of particle and surface area manages an exponential

increment in surface area relative to the volume that subsequently results in surface

functioning on itself and to its adjacent milieu. So as to show mechanical or basic

dependability, a nanoparticle must exhibit a low surface free vitality. In the conse-

quence of this requirement, stages that have a low steadiness in mass materials can

turn out to be truly steady in nanomaterial. This auxiliary marvel has been identi-

fied in TiO2, Al2O3, ZnO, SnO2, and CuO or other oxides [5�7].

Nanostructured metal oxides have been utilized in every field from energy har-

vesting, to photocatalysis. Over the regime of last few years, these nanostructured

metal oxides are undergoing a paradigm shift with respect to their utilizations and

applications as huge scientific literature [1,8] growth is observed in improving and

efficiently utilizing dielectric properties of powered metal oxides. The aim of this

chapter is to further broaden the knowledge of nanostructured metal oxides with

respect to their dielectric properties. To achieve mentioned goal, this chapter will

briefly explain the fundamental aspects of dielectric properties and applications of

metal oxides powder technologies as dielectrics. This chapter will review the tech-

nicalities and the findings of state-of-the-art theory to describe in detail the dielec-

tric properties and innovative technical applications of nanostructured metal oxides.

18.2 Dielectric materials: properties and behaviors

18.2.1 Dielectric materials

A material described by low electric conductivity, high value of specific resistance,

and negative value of Temp. Coefficient of Resistance is known as a dielectric

material. This material exhibits the phenomena of polarization when subjected to

electric potential (V/m). When electric potential is applied charges do not show

mobility through whole dielectric as seen in the case of conductors, but they only

have a paradigm shift about its mean position that results in polarization. This

polarization subsequently results in displacement of positive charges toward applied

field and negative charges opposite to positive ones. This arrangement responds as

an internal electric field that diminished the overall effect of external field in
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dielectric. Dielectrics are also characterized by their relative permittivity constant

εr. This constant is also known as dielectric constant.

Dielectric materials have high insulation resistance that depends on operating tem-

perature, moisture content, dielectric material, and applied potential. With mentioned

characteristics, these dielectrics find a range of applications in electric devices such

as capacitors, SONAR appliances, and strain gauge. A daily life example of this

material is insulation (usually mica and ceramic) between the plates of capacitor.

18.2.2 Types of dielectric materials

Being extensively used material in electrical appliances, it can be commonly found

in all three physical states, that is, solid, gas, and liquid as described in Table 18.1.

18.2.3 Dielectric fundamentals

Dielectric materials are characterized by following significant properties.

� Resistivity: Restively is a material property defined as inverse of resistance. It is denoted

by ρ (rho) and measured in SI unit of ohm-meter. It can also be called as specific resis-

tance of dielectric.
� Permittivity: The hindrance offered by dielectric to subjected potential or field in presence

a specific medium is called permittivity of dielectric. It is denoted by ε and measured in

the unit of farad/meter. It can also be defined as measurement of the stored energy inside

the sample in the applied electric field. Its value can be calculated as

ε5
Ct

ε0A

Table 18.1 Common dielectric materials.

Material Solid Liquid Gas

Description � Inorganic materials
� Plastic films
� Flexible insulating sleeves
� Rigid fibrous reinforced laminates
� Resins, varnishes, and silicones
� Pressure sensitive and vulcanized

adhesive types
� Mica products
� Textile materials
� Elastomers-EPR, polymeric

thermoplastics

� Hydro

carbon
� Mineral

oils
� Silicon

fluids
� Synthetic

esters

� Nitrogen
� Sulfur

hexafluoride
� Hydrogen
� Carbon

dioxide

EPR, Ethylene propylene rubber.
Courtesy: M. Bolotinha, Insulating and dielectric materials—types, properties & applications, Electr. Technol.
(2019). [Online]. Available: https://www.electricaltechnology.org/2018/03/insulating-and-dielectric-materials.
html#types-of-dielectric-materials (accessed 25.06.19) [9].

387Metal oxides powder technology in dielectric materials

https://www.electricaltechnology.org/2018/03/insulating-and-dielectric-materials.html#types-of-dielectric-materials
https://www.electricaltechnology.org/2018/03/insulating-and-dielectric-materials.html#types-of-dielectric-materials


where C is the capacitance (measured in Farad), t is the thickness of pelletized pow-

der (measured in meter), ε0 is the permittivity of free space (8.8543 10212 m23/kg/

s4/A21), and A is the area of the dielectric.

� Relative permittivity: It is defined as the ratio of dielectric permittivity to the permittivity

of vacuum.
� Dielectric strength: It is one of important properties of dielectric. It is defined as the

extent of dielectric material which it can confront electric stress prior to fracture. It is

measured in kV/mm.
� Dielectric loss: It is a vital factor that play important role in material selection for a

dielectric. It can be defined as the ratio of dielectric power loss to total transmitted

power. It is also known as electrical dissipation factor and denoted by “tan δ.” In the

case of an ideal insulator only IC (capacitive current) passes, but in the case of real ones

due to impurity IR (resistive current) also occurs. The relation of both is described in

Fig. 18.1.

Optimum operating temperature of a dielectric material is also of primary impor-

tance. It is a common observation that a dielectric material deteriorates swiftly if

operating temperature is high. The deterioration point at which designed performance

Figure 18.1 Schematic of dielectric loss and actual capacitive currents of an insulator.
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of insulation is diminished is called ageing. The ageing phenomenon is highly

affected by following parameters:

� Chemical composition of dielectric
� Subjected thermal stresses
� Exposure to mechanical stress
� Operating environment

It is very important to mention that dielectric materials may confront the phe-

nomena of ageing prior to their specified timeline. This is called premature ageing.

Some important main causes of premature ageing are as following:

� presence of contaminants (Cu)
� presence of excessive water content
� over heating
� excessive potential

Along with the abovementioned defects, there may be electromigration and

stress migration defects as seen in the case of Cu. These defects create Cu voids

[10] that alter the characteristic of Cu wafers. If theses wafers are utilized in synthe-

sis of nano-CuO, it will drastically affect the dielectric properties. To get rid of

these defects, recent studies are conducted [10,11] that elaborates the detection and

reduction of these defects efficiently.

All abovementioned parameters and phenomena define the lifetime of a dielec-

tric. They must be taken into account during the material selection for a dielectric.

The applicability of metal oxide powder technology in electrical devices as dielec-

tric can be determined by measuring mentioned dielectric properties of the material

for a variation of temperatures and frequency.

18.3 Metal oxide powder in dielectric materials

18.3.1 ZnO, TiO2, and other metal oxides

Zinc oxide (ZnO) powder is a widely used compound in many household, electrical,

and industrial products. Though naturally occurring in the mineral zincite, most pro-

duction originates from anthropogenic sources. Nano-sized ZnO (nano-ZnO) can be

produced by the grinding of bulk ZnO, where it takes on a wurtzite crystalline

structure that can then be utilized for a number of applications. Nano-ZnO power

can be prepared by various methods. Some of them are as follows:

� polyol medium hydrolysis method
� gas condensation method
� polymeric precursor method
� pyrolysis (aerosol spray) method
� hydrothermal method
� sol�gel method
� solid state microwave decomposition method
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All abovementioned methods are conventional methods as they require a high

rate of energy consumption that makes it uneconomical. Most sustainable and eco-

nomical method for ZnO powder synthesis is precipitation method [12]. Nano-ZnO

serves as n-type semiconductor due to its wide-bandwidth (B3.37 eV) [13]. Based

on electric, thermal, and chemical stability, piezoelectric and superconductive prop-

erties, nano-ZnO has many applications in devices such as piezoelectric cells [14],

cholesterol and glucose biosensing [15], solar cells [16], and photovoltaic transdu-

cers [17]. When in a powder form, nano-ZnO can be mixed into foods, paints, pig-

ments, and adhesives [18], medical disinfection, and environmental remediation

[19]. Due to UV�Vis luminescence and UV blocking properties, nano-ZnO is used

in personal care products, such as sunscreens and cosmetics [18,20]. Production of

nano-ZnO and other metal oxides have been found to be popular for cosmetic appli-

cations with an estimated 1000 t/year during 2005�10 [21] (Table18.2).

Titanium dioxide powder/nanomaterials, also known for photocatalytic proper-

ties serves as a useful nanomaterial in industry today. Nano-TiO2 and bulk TiO2

have both been studied based on their roles as photocatalysts. Nano-TiO2, the more

chemically reactive of the two, can serve in both oxidative and reductive processes

in the removal of organic and inorganic compounds in wastewater. One study has

shown nano-TiO2 to play a successful role in the adsorption of heavy metals (Cu,

Cd, Ni, Pd, and Zn) from spiked San Antonio tap water samples [23]. In addition,

nano-TiO2 can be used in the metal ions removal and nonbiodegradable organics

[24] and total organic carbon degradation using UV light [25] from synthetic waste-

water. Nano-TiO2 is included in many consumer products due to its ability to

absorb UV radiation and is widely used in sunscreens, cosmetics, and self-cleaning

coatings for antimicrobial properties [26]. Nano-TiO2 can also be found in pharma-

ceuticals, pigments, food additives, and solar cells [27,28]. Nano-TiO2 is

Table 18.2 Applications of metal oxide nanomaterials.

Sr.

no.

Nanomaterials Application

1. Nano-TiO2 Sunscreens, cosmetics, self-cleaning coatings,

pharmaceuticals, pigments, food additives, and solar cells

2. Nano-ZnO Food additives, paints, pigments, adhesives

Medical disinfection, environmental remediation

Sunscreens and cosmetics

3. Nano-FeOx Wastewater treatment and bioremediation

4. Nano-MnO Wastewater treatment

5. Nano-Al2O3 Water-resistant coating and gas-discharge lamps

6. Nano-CeO2 Televisions, glass mirrors, ophthalmic lenses

Fuel additives

7. Nano-CuOx Antimicrobial studies, solar cells, catalysts, and sensors

Courtesy: J.E. Cañas-Carrell, S. Li, A.M. Parra, B. Shrestha, Metal oxide nanomaterials: health and environmental
effects, in: Health and Environmental Safety of Nanomaterials, Elsevier, 2014, pp. 200�221 [22].
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synthesized by the method of sol�gel technique, reactive plasma synthesis and

hydrolysis, and peptization of titanium isopropoxide solution.

Other metal oxides powder additional metal oxide nanomaterials have been of

interest due to their unique properties. Aside from nano-ZnO and nano-TiO2, nano-

ferric oxides (nano-FeOx) are one of the most widely used nanomaterials in indus-

try. Stemming from the ubiquitous source of iron, nano-FeOx compounds have been

used in wastewater treatment and bioremediation of toxic metal contaminated sites

with little risk of secondary contamination [29]. Other metal oxide nanomaterials,

such as nano-magnesium oxide (nano-MgOx), can be used in heavy metal adsorp-

tion in wastewater treatment. Nano-MgOx has been used as an absorbent for cata-

tonic and ionic compounds such as phosphates [30] and arsenates [31] in natural

waters. Nanoaluminum oxide (nano-Al2O3) particles are used as a wear-resistant

coating for tools and gas discharge lamps due to their inert properties [32]. Known

also for UV-blocking and catalytic properties, cerium dioxide (nano-CeO2) nano-

particles are used in commercial uses such as polishing agents for television tubes,

glass mirrors, and ophthalmic lenses [33]. Nano-CeO2 can also serve as a fuel addi-

tive, resulting in decreased emissions [34]. Lastly, copper oxide nanoparticles

(nano-CuOx), which are known for their semiconductive, catalytic, and electronic

properties, are used in applications such as antimicrobials [35] and solar cells, cata-

lysts, and gas and liquid sensors [36].

18.3.2 Dielectric materials: ferroelectric and application

One of the dielectric materials is ferroelectrics, and this section will discuss about

its properties, types, and applications.

18.3.2.1 Ferroelectric materials

The type of dielectric materials that exhibits a value of more than 2000 for relative

permittivity is classified as ferroelectric materials. This type of material is in line

with ferromagnetic character, that is, all domains get aligned in single direction

along the subjected field’s direction.

This aligning property of ferroelectric materials leads to extensive spontaneous

polarization. Along with polarization, piezometric effect is also observed in these

materials. As mentioned in Table 18.3, these materials also have ferroelectric Curie

temperature. It is defined as critical temperature at which structural and behavior

amendments are noted. A list of few ferroelectric crystals along with their respec-

tive Curie temperatures is shown in Table 18.3.

18.3.2.2 Examples and applications

Some industrially important ferroelectrics are Rochelle salt, SrTiO3, KH2AsO4, lead

zirconate (PbZrO3), lithium niobate (LiNbO3), and lithium tantalate (LiTaO3).

Usually this type of material is utilized in electro-optic materials, sonar devices,

strain gauges, microphones and miniature capacitors, and many other applications.
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18.3.3 Dielectric properties of metal oxides powder dispersions
in paraffin oil

This chapter contributes to the review of metal oxides powder dispersed in paraffin

oil, an organic liquid with insulation character. This chapter also covers the phe-

nomena of nanofluids polarization that is a consequence of nanoparticle inclusions

in paraffin oil.

Those fluid that are characterized by the suspensions of metal oxides nanoparti-

cles (few tens of nanometers) and dispersion of metal oxide powders with extent of

5% w/v in the liquid matrix are known as nanofluids. The relative permittivity and

loss tangent of paraffin oil and nanofluid is observed in the range of 20 Hz to

1 MHz [38].

The outcomes execution was noteworthy to both grain size and explicit com-

pound. As far as the case of nanoparticles are concerned, dielectric character is

dominated by grain surface polarization that was initially induced by adsorbed

water. But this impact has been counteracted by the expansion of titania nanoparti-

cles layers. This is achieved due to unique properties of titanium (Ti) and ferric

oxide, as their dielectric constants get increased accompanying normal frequencies.

Simultaneously, at high frequency, cupric and cuprous oxides show a relaxation

mechanism. That also contributes to get mentioned results. Finally, nanomaterial’s

surface show a tremendous increment in electronic density.

Recently, a comparison study was conducted between nano-filled insulators and

microfilled insulators. The findings of the study concluded that nano-filled materi-

als behave in glamorously different way from that of microfilled. These results

worked as an attractive finding for scientists and led to the further studies [39].

Consequently, nanodielectrics (nano-filled solid insulators) were discovered [40].

Later on, research revealed the fact that recently invented nanodielectrics accompa-

nied by nanofluids can work as a two-phase system, matrix as one phase and dis-

persed nanoparticles as other. To have conduction and permittivity as the property

of nanofluid, the materials preferred for nanofluid inclusion were metals, metal oxi-

des (e.g., Al2O3, CuO, ZnO), and nitrides (AlN). To exhibit magnetic behaviors,

some magnetic oxides such as Fe3O4 can also be used [41].

Nanoscaled oil have superior properties compared to that of pure oils.

Nanofluids have a different dielectric strength than pure oils. This dielectric

Table 18.3 Properties of some ferroelectrics.

Material Spontaneous polarization

(C/m2)

Ferroelectric Curie temperature,

Tfe (
�C)

KH2PO4 0.05 2 148

BaTiO3 0.25 122

KNbO3 0.30 437

PbTiO3 0.50 492

Courtesy: K.M. Gupta, N. Gupta, Advanced Electrical and Electronics Materials, John Wiley & Sons, Inc., Hoboken,
NJ, 2015 [37].
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strength can be easily modified in the case of nanofluids but it is quite difficult to

change in the case of pure fluids. This makes nanofluid superiors. In nanofluids,

dispersion of metal nanoparticles attributes an increment in the breakdown voltage

of oil. This increment consequences as capturing of fast stream electron. These

formed negative charges have high thermal conductivity than its surrounding.

Hence, an overall increment in cooling takes place as a result [42]. This is the prop-

erty of nanofluids that attracted the focus for its applications in OFEE [43]. In

OFEE, these nanofluids find a vast range of application covering:

� simulate impurity effects
� control collective response of dielectric liquid
� mitigate adverse effects of ageing
� reduction in polarization

The main focus of this work is to review the polarization of organic liquid (par-

affin oil) on addition of dispersed micro- and nanoparticles. To study this effect,

various oxides are used starting from the one that were previously used. The obser-

vations reveal the fact that all oxides show unique effect because in this case of

grain size is transformed from microscale to nano scale and surface/volume ratio is

increased.

18.3.3.1 Aluminum

Aluminum oxides in the form of nano powder behave as hygroscopic and a reactive

metal that contribute as an increment of water content in oil. This hydration/dehy-

dration attributes to change in permittivity.

18.3.3.2 Iron and Cu

The oxides of these metals are semiconductors. Presence of these impurities in oil

results in high acidity of oil. These impurities are usually induced by electrochemi-

cal corrosion of respective metal.

18.3.3.3 Titanium

The addition of titanium dioxide results in high energy storage, low friction, and

wear resistance [3,4].

18.4 Review of metal oxides powder technologies in
dielectric materials

18.4.1 Introduction: metal oxides powder as dielectric materials

Dielectrics are extensively used in current electronic and electrical industries, par-

ticularly in capacitors, insulation, sensors, actuators, transistors, electro-optical

devices, and in microelectromechanical structures.
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Metal oxides powder technology as dielectric materials has opened up a promis-

ing field in material science and engineering. By having high specific capacitance

and conductivity, these materials are suitable for electrode fabrication focused on

high-energy and high-power supercapacitors [44]. Metal oxides technology are

widely applied in catalysis [45,46], thermochemical energy storage [47], magnetic

and optical data storages [48], sensors, and ferrofluids. Metal oxides powders are

attractive due to its high charge capacity, better dielectric response, as well as high

stability.

There are numerous such materials that are used for dielectric and conductive

fabrication, for example, RuO2 [49], IrO2 [50], MnO2 [51], NiO [52], Co2O3 [53],

SnO2 [54], V2O5 [55], and MOx [56]. The most studied ones are ruthenium and

manganese oxides [57].

18.4.2 Properties of the metal oxide powders as dielectric
materials

As all solid very materials are sensitive to applied potential, different significant

properties such as optimum operational temperature, frequency range, permittivity

constant, and loss coefficient can be calculated easily. These calculated results are

very helpful to get familiar with structural changes and defects. For instance, dielec-

tric behaviors and electric transportation properties of nano materials are observed

to be different than its bulk even different from microscaled materials too. This is

due to increase in interfacial atoms or ions and sinking of large amount of defects

at or near the grain boundaries [58].

There have been several works scrutinizing on measuring the efficiency of the

metal oxide powder technology, particularly as dielectric materials. For instance,

dependence of dielectric behavior of a material and ac conductivity of the ZnO/

CdO nanoparticles on temperature (300K�403K) and frequency (1 kHz to

10 MHz,) was studied [59] in which the dielectric permittivity was evaluated from

the observed values of capacitance in the mentioned range. It was observed in this

study that the dielectric constant is inversely proportional to the frequency due to

space charge polarization and rotation direction polarization. Due to the conduction

of free charges at the interfaces of composites in heterogeneous dielectric materials

and dielectric relaxation caused by segmental movement [60,61], the dielectric con-

stant will vary as a function of frequency attributed to the space charges polariza-

tion. At varying frequencies the energies of the dipoles at respective sides of the

potential barrier will be charged in which the dipoles parallel to the field will have

lower potential energy as compared to the dipoles which are antiparallel to the field.

The dipoles will then oscillate at a resonance frequency about its equilibrium

position.

A recent study in the mixtures of metal and dielectric powders through plasma-

chemical processes under high power gyrotron’s discharge had been carried out

[62] in looking at new perspectives to the preparation of nanostructured materials

with controlled composition and structure, which further enable the determination
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of yield and performance of the powdered dielectric materials. A recent study of

nanoparticles revealed the fact that a nanocomposite with following properties

� low dielectric loss,
� high permittivity, and
� low dependence on temperature

can be utilized as small-scaled capacitor that has high energy storage ability and

extensive voltage rating [63].

Another recent study on powdered metal oxide composites for dielectric applica-

tions was done [64] in which a fine powder prepared from periwinkle shells was

observed for its use as filler polymer composites in enabling polymeric insulation in

high voltage application. Different metal microcomposite powders, of high thermal

conductivity, such as CaO, Al2O3, SiO2, FeO2, TiO2, and Mn2O3, were produced

from that powder. The work had demonstrated that the dielectric constant of the pel-

letized powder lies in the range of metal oxide ceramics and is directly dependent on

the temperature, while the loss tangent decreases with temperature. It was also

reported that the charge transport in these materials is due to the migration of nega-

tive oxygen ions via crystal and the electrons “hopping” from donor to donor.

In determining the energy distribution of the electron traps in metal oxides pow-

der, a study was conducted [65] through reversed double-beam photoacoustic spec-

troscopy. The work had developed a method of determining energy resolved

distribution of electron traps and conduction band bottom position to reflect surface

structure and bulk structure respectively.

18.5 Conclusion

This work reviews the sustainability and applicability of most versatile and emerging

nano material, nano metal oxides, for their utilization as dielectrics in various equip-

ment ranging from capacitor to novel electronic devices. An overview of numerous

metal oxides (RuO2, Al2O3, IrO2, TiO2, MnO2, Co2O3, SnO3, and V2O5) as dielectric

materials in solid and liquid phase is provided. Results obtained from different recent

studies are combined and compared to elect superior nano metal oxide for its dielectric

applications. The unique classes of dielectrics, ferromagnetic, and liquid (paraffin) are

also covered along with diversity of effects they exhibit on addition of nano metal oxi-

des. Different factors such as frequency range, operating temperature, and loss coeffi-

cient that determine the applicability of nanometal oxide dielectric materials are also

discussed to define the lifetime of dielectric. A set of ideal properties that promises a

high energy storage nano metal oxide dielectric is also mentioned in this study.
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[22] J.E. Cañas-Carrell, S. Li, A.M. Parra, B. Shrestha, Metal oxide nanomaterials: health

and environmental effects, Health and Environmental Safety of Nanomaterials,

Elsevier, 2014, pp. 200�221.

[23] K.E. Engates, H.J. Shipley, Adsorption of Pb, Cd, Cu, Zn, and Ni to titanium dioxide

nanoparticles: effect of particle size, solid concentration, and exhaustion, Environ. Sci.

Pollut. Res. 18 (3) (2011) 386�395.

[24] K. Kabra, R. Chaudhary, R.L. Sawhney, Treatment of hazardous organic and inorganic

compounds through aqueous-phase photocatalysis: a review, Ind. Eng. Chem. Res. 43

(24) (2004) 7683�7696.

[25] N. Chitose, S. Ueta, S. Seino, T.A. Yamamoto, Radiolysis of aqueous phenol solutions

with nanoparticles. 1. Phenol degradation and TOC removal in solutions containing

TiO2 induced by UV, γ-ray and electron beams, Chemosphere 50 (8) (2003)

1007�1013.

[26] K. Das, S.N. Sharma, M. Kumar, S.K. De, Morphology dependent luminescence

properties of co doped TiO2 nanostructures, J. Phys. Chem. C. 113 (33) (2009)

14783�14792.

[27] Y. Ju-Nam, J.R. Lead, Manufactured nanoparticles: an overview of their chemistry,

interactions and potential environmental implications, Sci. Total Environ. 400 (1�3)

(2008) 396�414.

[28] K. Sugibayashi, H. Todo, E. Kimura, Safety evaluation of titanium dioxide nanoparti-

cles by their absorption and elimination profiles, J. Toxicol. Sci. 33 (3) (2008)

293�298.

[29] E.A. Deliyanni, N.K. Lazaridis, E.N. Peleka, K.A. Matis, Metals removal from aqueous

solution by iron-based bonding agents, Environ. Sci. Pollut. Res. 11 (1) (2004) 18�21.

[30] M. Kawashima, Phosphate adsorption onto hydrous manganese(IV) oxide in the pres-

ence of divalent cations, Water Res. 20 (4) (1986) 471�475.

[31] T. Takamatsu, M. Kawashima, M. Koyama, The role of Mn21-rich hydrous manganese

oxide in the accumulation of arsenic in lake sediments, Water Res. 19 (8) (1985)

1029�1032.

[32] J. Njuguna, K. Pielichowski, H. Zhu, Health and environmental safety of nanomaterials,

Polymer Nancomposites and Other Materials Containing Nanoparticles (2014,

Elsevier).

[33] K. Reinhardt, H. Winkler, Cerium mischmetal, cerium alloys, and cerium compounds,

Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim, Germany, 2000.

[34] J. Seo, J. Jang, S. Park, C. Kim, B. Park, J. Cheon, Two-dimensional SnS2 nanoplates

with extraordinary high discharge capacity for lithium ion batteries, Adv. Mater. 20

(22) (2008) 4269�4273.

[35] A. Esteban-Cubillo, C. Pecharromán, E. Aguilar, J. Santarén, J.S. Moya, Antibacterial

activity of copper monodispersed nanoparticles into sepiolite, J. Mater. Sci. 41 (16)

(2006) 5208�5212.
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metal oxides, 280t

synthesis methods of supported catalyst

oxides, 281�283

Catalysts, 279

Catalytic

hydrogenation of carbon monoxide,

286�287

metathesis of olefins, 288�289

oxidation of methanol, 284

polymerization of olefins, 289�291

CaTiO3 nanosized powders, 45�46

CB. See Conduction band (CB)

Ce6. See Chlorin e6 (Ce6)

Cell adhesion, 87�89

Centrifugal atomization, 46�47

Ceramic materials, 102�103

Ceramic matrix composites (CMCs), 101

application of metal oxide powders in,

102�109

fibrous reinforcement embedded in, 103f

oxide-based CMCs

examples, 106�109

processing, 103�105

Ceramics, 210�211, 377�378

ceramic-forming technologies, 361�363

Ceria. See Cerium oxide (CeO2)

Cerium oxide (CeO2), 238

nanopowders, 49

NPs, 240�241

Cesium-doped aluminum zinc oxide

nanoparticles (AZO:Cs), 269�272

Cetyltrimethyl ammonium bromide (CTAB),

37, 50�51, 124

Cf/C. See Carbon fiber/carbon (Cf/C)
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Cf/SiC. See Fabricate carbon fiber reinforced

SiC (Cf/SiC)

CFCs. See Chlorofluorocarbons (CFCs)

Charge carriers, 19

Chemical methods, 1, 32�45

CVD, 38�40

hydrothermal method, 35�38

sol�gel method, 33�35, 34f

sonochemical method, 41�45

thermal decomposition processing,

40�41

Chemical oxygen demand, 301

Chemical vapor deposition (CVD), 38�40,

203, 213�219, 282. See also

Physical vapor deposition (PVD)

ALD, 217�219, 218f

dip coating, 216�217

sol�gel deposition method, 213�215,

215f

spray pyrolysis, 216, 217f

χ-alumina, 40

Child�Langmuir equation, 225

Chlorides, 33, 202

Chlorin e6 (Ce6), 129

Chlorofluorocarbons (CFCs), 200

Cholera, 134

Cholera toxin (CT), 134

Chopping, 170�171

Chromite (FeCr2O4), 169

Chromium (Cr), 299

Chromium dioxide (CrO2), 3, 210

Chromium oxide (Cr2O3), 90�91

Chromium trioxide (CrO3), 3, 210

Clay-based material, 301

CMC. See Carboxymethylcellulose (CMC)

CMC-DADMAC hydrogel, 147�148

CMCs. See Ceramic matrix composites

(CMCs)

CNCs. See Colloidal nanocrystal clusters

(CNCs)

CO2 laser covaporization (CoLAVA),

51�52

Cobalt (Co), 257�258

Cobalt oxide, 195

Coefficient of friction (COF), 89

Coefficient of Resistance, 386�387

Coke breeze, combustion of, 67

CoLAVA. See CO2 laser covaporization

(CoLAVA)

Cold pressing followed by sintering,

103�104, 104f

Cold steam process, 183

Collagen, 87�89

Colloidal nanocrystal clusters (CNCs),

194�195

Colloidal nanoparticles, 2, 7�10

Colloidal solution, 33

“Combinatorial” method, 142

Combustion enthalpy, 336�337

Comminution, 45�46

Comonomer Production Technology (CPT),

289

Composite(s), 101

application of metal oxide powders

in ceramic matrix composites, 102�109

in metal matrix composites, 109�115

application of metal oxides in polymer

matrix composites, 115�118

materials, 101

Condensation, 1

polymerization, 199�200

Conduction band (CB), 321

Controlled release systems, 83

Conventional heating, 192�193

Conventional prototyping of ceramics,

355�358

Conventional water treatment processes, 318

Cooling period of sintering, 67

Coordination-polymer-shelled-MnO2

composites, 129

Copper (Cu), 393

Copper matrix composites, 114�115

Copper oxide (CuO), 263�265, 321,

334�335

NPs, 236

synthesis, 337�338

nanopowders, 35

Copper sulfate pentahydrate (CuSO4 � 5H2O),

43�44

Copper sulfide gallium tin oxide

(CuSGaSnO), 269�272

Coprecipitation, 202, 281�282

Coriandrum sativum, 236

Covalent bonding, 17�18

Covalent mixing, 21�22

CPT. See Comonomer Production

Technology (CPT)

Cr2O3 coatings, 90
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Critical speed of tumbling ball mill, 175

CRP. See C-reactive protein (CRP)

Crushing, production of metal oxides

powder by using, 170�177

Cryochemical synthesis, 200�201

Crystallite size reduction by milling-process

(CSRM), 45�46

CT. See Cholera toxin (CT)

CTAB. See Cetyltrimethyl ammonium

bromide (CTAB)

Cu2O nanoparticles, 43

CuO/ZnO (CZN), 335�336

Cuprite (Cu2O), 169

Cuprous oxide (Cu2O), 269�272

Cur/PMMA-AA/ZnO-NPs composites, 133

Cur/PMMA-PEG/ZnO-NPs composites, 133

Curcumin, 132�133

CVD. See Chemical vapor deposition (CVD)

Cytotoxicity, 245�246, 245f

CZN. See CuO/ZnO (CZN)

D

DADMAC. See Diallyldimethylammonium

chloride (DADMAC)

DC, 220

sputtering, 222�224, 224f

DCC. See Direct coagulation casting (DCC)

Dead fungus biomass, 52�53

Defects in metal oxides, 18�20, 19f

Deformation temperature, 69

δ-alumina, 40

Dental plaque, 153

Deoxyribonucleic acid (DNA), 234

fragments, 132

microarray, 246

Department of Environment Malaysia

(DOE), 301

Diallyldimethylammonium chloride

(DADMAC), 147�148

Dielectric constant, 386�387

of solvent, 33

Dielectric loss, 388

Dielectric materials, 386�387, 387t

dielectric fundamentals, 387�389

ferroelectric and application, 391

dielectric properties of metal oxides

powder dispersions, 392�393

examples and applications, 391

ferroelectric materials, 391

metal oxide powder, 5�6, 389�394

applications of metal oxide

nanomaterials, 390t

properties, 394�395

types, 387

Dielectric strength, 388

Differential scanning calorimetry (DSC),

67�68

Diffusion in metal oxides, 18�20

Diffusional impregnation, 281

Digital light processing (DLP), 361, 362f

Diodes, 269�272

“Dion�Jacobson” phase (DJ phase), 122

Dip coating, 216�217

Direct coagulation casting (DCC), 375�376

Direct ink writing (DIW), 359�360

Disinfection by-products (DBP), 334�335

Dislocation, 20

DIW. See Direct ink writing (DIW)

DJ phase. See “Dion�Jacobson” phase (DJ

phase)

DLP. See Digital light processing (DLP)

DNA. See Deoxyribonucleic acid (DNA)

DOE. See Department of Environment

Malaysia (DOE)

Doping of NPs, 157

Double-stranded DNAs (dsDNAs), 122�123

Doxorubicin (DOX), 132, 239

DOX-loaded MSNs, 129

Drug delivery of metal oxides, 239

Drug-loaded NPs, 141

Dry impregnation. See Capillary

impregnation

Dry methods, 83

Drying, 46�47

dsDNAs. See Double-stranded DNAs

(dsDNAs)

Dumbbell-shaped ZnO powders, 37�38

E

EC sensors. See Electrochemical sensors

(EC sensors)

Eclipta prostrata, 236

ECM. See Extracellular matrix (ECM)

Electrical dissipation factor, 388

Electricity, 253�254

Electrochemical sensors (EC sensors), 303

Electrochemical technique for heavy metal

detection, 303�315
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Electrochemical technique for heavy metal

detection (Continued)

electrochemical electrode, 314f

nanoparticle-modified electrodes, 313t

Electrodeposition technique, 217

Electron beam evaporation, 227�228, 228f

Electron transport layer (ETL), 269�272

Electronic(s)

conductivity, 20

defects, 18�19

metal oxides in

diodes, 269�272

flexible oxide�based TFTs, 265f

photodetectors, 272�274

timeline of thin-film transistors, 264f

transistors, 265�269

Electrostatic atomization, 46�47

Empirical relative energy for milling, 175

Energy

dispersive spectrometer, 354�355

storage methods, 253�254

technologies, 253�254

applications of SOFC, 255

fuel cells and metal oxides powder

technology, 254�255

industrial emissions and metal oxides

powder technology, 258

metal oxides powder technology,

256�257

solar cells and metal oxides powder

technology, 255�256

supercapacitor and metal oxides powder

technology, 257�258

Energy dispersive spectrometer (EDS),

67�68

Engineered organic/inorganic-NPs, 130

Enterococcus faecalis, 133�134, 139�140

ε-Ga2O3, 6�7

Escherichia coli, 133�134, 143�144,

146�147, 149, 152�153, 158,

342�345

E. coli O157:H7, 138�140

Ethanol, 2

Ethylene glycol (C2H6O2), 34�35, 40�41

ETL. See Electron transport layer (ETL)

Euphorbia jatropha, 53

Euphorbia prostrata, 53

Evaporation techniques

laser evaporation technique, 178

metal oxide powder production using, 178

simple evaporation technique, 178

Evaporation�condensation technique, 198

Exciton recombination process, 23�24

Extended defects, 18�19

Extracellular matrix (ECM), 128�129

F

F-doped ZnO-NPs, 157

FA. See Folic acid (FA)

Fabricate carbon fiber reinforced SiC (Cf/

SiC), 360�361

Fabrication of inorganic membranes,

333�334

FDA. See Food and Drug Administration

(FDA)

FE transmission electron microscopy.

See Field-emission transmission

electron microscopy (FE transmission

electron microscopy)

Fe2TiO5 nanopowders, 45�46

Ferroelectric materials, 391, 392t

Ferropericlase (MgO1FeO), 169

Ferrous salts, 202

Ferumoxytol, 236�237

FE-SEM. See Field emission scanning

electron microscope (FE-SEM)

FET. See Field-effect transistor (FET)

FIB. See Fibrinogen (FIB)

Fiber-reinforced PMCs, 115

Fibrinogen (FIB), 130

Fibronectin, 87�89, 145

Fibrous composites, 101

Field emission scanning electron microscope

(FE-SEM), 198, 198f, 341�342

Field-effect transistor (FET), 315�317

Field-emission transmission electron

microscopy (FE transmission electron

microscopy), 366�368

Filling, 170�171

Flame hydrolysis, 283

Flash evaporation method, 226, 227f

Flexible oxide�based TFTs, 265f

Floral CuO nanoparticles, antimicrobial

activity of, 342�344

Flow temperature, 69

Flower-like ZnO powders, 37

Fluorescent ZnO-NPs, 144

Flux recovery ratio (FRR), 335�336
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Folic acid (FA), 128�129

Food and Drug Administration (FDA),

236�237

Formaldehyde, 284

Förster resonance energy transfer (FRET),

122�123

Fossil fuels, 253�254

Free excitons, 23�24

Freeze drying, 49�50

FRET. See Förster resonance energy transfer

(FRET)

FRR. See Flux recovery ratio (FRR)

Fuel cells and metal oxides powder

technology, 254�255

Fuel emissions, 253�254

Functionalized iron oxide NPs, 137

Fungi, 236

Fusarium oxysporum, 236

Fusion temperature measurement, 69

Fusobacterium nucleatum, 152

G

Gadolinium oleate (Gd-oleate), 196

Gallic acid, 239

Gallium oxide (GaO), 6�7

colloidal nanoparticles, 10

physical properties, 9t

properties, 7

structural properties, 9t

Gallium-doped zinc oxide powder, 183

γ-Ga2O3, 6�7

Garcinia zeylanica, 139�140

Gas�solid transformation methods, 203

Gd-oleate. See Gadolinium oleate (Gd-

oleate)

Glass ceramics, 5, 212

Glycine-assisted ZnO nanoflakes (ZG), 345

GO. See Graphene oxide (GO)

Grafting, 282

Grain boundaries, 20

Gram-negative bacteria, 155�156, 345�346

Gram-negative bacterial strains, 333�334

Gram-positive bacteria, 155�156, 345�346

Gram-positive bacterial strains, 333�334

Graphene oxide (GO), 124

Graphite impeller, 110

Graphitic-phase composite, 125

Green tea (Camellia sinensis), 236

Greenhouse gases, 200

Grinding, 176�177

H

HA. See Hyaluronic acid (HA);

Hydroxyapatite (HAp)

HA-modified mannan-conjugated MnO2-NPs

(Man-HA-MnO2-NPs), 129

Hafnium oxide (HfO2), 269�272

HAp. See Hydroxyapatite (HAp)

Hard-template methods, 124

Hastelloy, 36�37

HDPE. See High-density polyethylene

(HDPE)

Heat treatment, 84

Heat-treated alloys and composites, 87

Heating-up period of sintering, 67

Heavy metal, 299, 390�391

concentration

in freshwater and marine fish, 306t

in Peninsular Malaysia sediment, 304t

in Peninsular Malaysia water, 302t

detection, 303�318

biosensor, 315�318

comparison between heavy metal

detection techniques, 310t

electrochemical technique for heavy

metal detection, 303�315

distribution in Malaysia, 301�303

ions removal, 318�324

adsorption method, 318�321

comparison between methods for heavy

metal treatment, 319t

photocatalyst, 321�324

list, sources, and guide line value of

hazardous, 300t

Hematite (Fe2O3), 51�52, 169, 193�194,

314

HepG2 cells, 131�132

Hercynite (FeAl2O4), 47�48, 169

Heritiera fomes, 135�136

Heterogeneous sonochemistry, 41�42

Hexane (C6H14), 183

Hibiscus rosa-sinensis, 236

High energy ball mill, 45

milling method, 176

High-density polyethylene (HDPE),

289�290

High-resolution transmission electron

microscopy, 17�18
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High-temperature period of sintering, 67

Highly ionic nanoparticulate metal oxides,

334�335

Hole injection layer (HIL), 269�272

Hole scavengers, 324

Hole transport layer (HTL), 269�272

Homogeneous sonochemistry, 41�42

Hot pressing, 104

“Hot spots” of dissolution, 23

HSA. See Human serum albumin (HSA)

HT1080 cell proliferations, 132

HTL. See Hole transport layer (HTL)

Human serum albumin (HSA), 130

Hyaluronic acid (HA), 128�129

Hydrochloric acid (HCl), 34

Hydrogen bonds, 22

Hydrogen peroxide (H2O2), 153�154

Hydrophilic hydroxyl groups, 334�335

Hydrothermal bomb, 36�37

Hydrothermal method, 35�38, 199, 283

Hydrothermal synthesis, 201�202

Hydroxyapatite (HAp), 145, 352

Hydroxyl groups, 190

Hydroxyl radical ( �OH), 153�154

Hypocrea lixii, 52�53

I

ICT. See Image charge theory (ICT)

IGZO-TFTs, 265�269

IL-1α. See Interleukin-1 (IL-1α)
Image charge theory (ICT), 17�18

Impregnation method, 281

In situ diffuse reflectance IR Fourier

transform spectroscopy, 291

In situ powder metallurgy (IPM), 109�110,

110f

Indium oxide (In2O3), 263�269

Indium�tin oxide (ITO), 272�274

Indium�zinc oxide (IZO), 265�269

Infiltration method, 112�113, 112f

Inflammation, 246

Infrared (IR), 280�281

Inkjet printing technology, 355�358

Inorganic antimicrobial nanomaterials,

334�335

Inorganic microfiltration membranes,

333�334

Inorganic�organic hybrid coatings, 214

Inorganic 2D-NMs, 121�122

Interfacial tension, 23

Interim National Water Quality Standards

(NWQSs), 301

Interleukin-1 (IL-1α), 135
Interplanar distance, 10�12

Interstitial oxygen, 23�24

Interstitial zinc, 23�24

Ion plating technique, 228, 229f

Ion power-assisted deposition. See Ion

plating technique

Ion vapor deposition. See Ion plating

technique

Ionic bonding, 17�18

Ionic�covalent bonding, 21�22

IONPs. See Iron oxide NPs (IONPs)

IPM. See In situ powder metallurgy (IPM)

IR. See Infrared (IR)

Iridium oxide (IrO2), 257�258

Iron (Fe), 393

alloys, 115

matrix composites, 115

ore sintering, 67

salts, 202

Iron oxide (Fe2O3), 234, 236�237

Iron oxide NPs (IONPs), 137

Iron(III) molybdate [Fe2(MoO4)3), 284

Irradiation, 169�170

ITO. See Indium�tin oxide (ITO)

IZO. See Indium�zinc oxide (IZO)

J

Jatropha curcas, 236

JNK, 131�132

K

κ-alumina, 40

Kinetic control, 21

Klebsiella pneumoniae, 342�345

KMnO4, 124

KOH. See Potassium hydroxide (KOH)

L

LA. See Lauryl alcohol (LA)

Lactobacillus, 152

Lamination process, 105

Laminin, 87�89

Lanthanum manganite (LaMnO3), 44

Laser evaporation technique, 178

Laser radiation, 1
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Lattice diffusion, 20

Lauryl alcohol (LA), 196�197

Layer-by-layer deposited samples (LbL

deposited samples), 122

Lead (Pb), 299

Lead zirconate (PbZrO3), 391

Ligands, 40

Light-emitting diodes (LEDs), 263�265

Limit of detection (LOD), 315�317

Lipopolysaccharide (LPS), 155

Lipoproteins, 155�156

Liquid phase synthesis procedure, 23

Listeria innocua, 155�156

Listeria monocytogenes, 139�140, 149

Lithium niobate (LiNbO3), 391

Lithium tantalate (LiTaO3), 391

Lithography-based ceramic 3DP technique,

361�363

LOD. See Limit of detection (LOD)

Low-pressure CVD (LPCVD), 39

LPS. See Lipopolysaccharide (LPS)

Luminescent materials, 128

M

MA. See Mechanical alloying (MA)

Machining, 170�171

Macromolecules, 333�335

Maghemite (Fe3O4), 318

Maghemite (β-Fe2O3), 193�194

Magnesia powder, 48

Magnesiochromite (MgCo2O4), 169

Magnesium (Mg), 256�257

matrix composites, 113�114

Magnesium oxide (MgO), 2�3, 210

magnesium oxide-NPs, 153�154

Magnesium-based substrates, 91

Magnetic metal oxide NPs, 233

Magnetic nanoparticles, 202

Magnetic resonance imaging (MRI), 126,

235

Magnetic upconversion (MSU), 128�129

Magnetite (Fe3O4), 169, 193�194

Malondialdehyde (MDA), 135

Malva sylvestris, 236

Man-HA-MnO2-NPs. See HA-modified

mannan-conjugated MnO2-NPs

(Man-HA-MnO2-NPs)

Manganese (Mn), 257�258

Manganese oxide (MnO2), 257�258

Manganes�substituted hydroxyapatite (Mn-

HAp), 237�238

Mask projection stereolithography (MP-SL),

355�358

Matrix material, 101�102

MBA. See N,N’-methylenebisacrylamide

(MBA)

MBE. See Molecular beam epitaxy (MBE)

MC. See Methylcellulose (MC)

MCF-7 cells, 125�126, 131�132

MD. See Mechanical disordered (MD)

MDA. See Malondialdehyde (MDA)

MDA-MB-231 cells, 133

Mechanical alloying (MA), 170, 176

Mechanical disordered (MD) process, 177

Mechanical methods, 172

Mechanical milling (MM), 176�177

Mechanochemical method, 170, 182�183

Melting-solidification, 169�170

Membrane technology

antimicrobial activity

of floral CuO nanoparticles, 342�344

of octahedral NiO nanoparticles,

344�345

of ZnO nanoflakes, 345�347

experimental procedures, 336�337

assay for antimicrobial activity of metal

oxide nanoparticles, 339

metal oxides preparation by solution

combustion method, 337

synthesis of CuO, NiO, and ZnO

nanoparticles, 337�338, 338f

polymer�metal nanocomposite, 335f

structural analysis, 339�341

surface morphological studies,

341�342

Membrane-based separations, 335

Memristor, 317, 317f

Mercury (Hg), 299, 314

MES. See 2-(N-Morpholino) ethanesulfonic

acid (MES)

Mesosphere, 200

Metal matrix composites (MMCs), 101

application of metal oxide powders in,

109�115

examples of reinforced with metal oxide

powders, 113�115

AMCs, 113

copper matrix composites, 114�115
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Metal matrix composites (MMCs)

(Continued)

iron matrix composites, 115

magnesium matrix composites,

113�114

titanium matrix composites, 114

processing methods of particulate-

reinforced, 109�113

Metal oxide powders, 169

atomization for metal oxide powder

production, 178�181

chemical processes, 189�191

atomic or molecular condensation,

199�200

coprecipitation methods, 202

cryochemical synthesis, 200�201

evaporation�condensation technique,

198

hydrothermal synthesis, 201�202

hydrothermal technique, 199

microemulsion technique, 203

microwave-assisted synthesis, 192�196

sol�gel method, 191�192

solvothermal synthesis, 196�197

template/surface derivatized methods,

203�205

thermal decomposition, 196

thermal oxidation technique, 199

chemical studies

chemical bond in metal oxide, 17�18

defects and diffusion in metal oxides,

18�20

modification of metal oxide, 24�25

titanium dioxide chemical studies,

20�22

zinc oxide chemical studies, 22�24

dielectric materials, 389�394

using evaporation techniques, 178

mixed methods, 182�183

physical studies, 2�5

characterization and analysis, 7�12

physical properties, 6�7

powder in dielectric materials, 5�6

properties of GaO, 7

PVD, 182

synthesis and preparation, 31�53

biological methods, 52�53

chemical methods, 32�45

physical methods, 45�52

technology, 256�257, 385

fuel cells and, 254�255

industrial emissions and, 258

solar cells and, 255�256

supercapacitor and, 257�258

by using crushing and milling, 170�177

mechanical alloying, 176

mechanical disordered, 177

mechanical milling, 176�177

Metal oxides (MOs), 17, 31, 121, 169,

209�210, 263�265, 314, 318

biomedical application, 233, 238�243

antibacterial treatment and wound

healing, 241�243

cancer therapy, 239�241

challenges, 234�235

drug delivery and theranostic

applications, 239

implants, 241

iron oxides, 236�237

structural diversity and relationship to

the properties of metal oxides,

233�234

synthesis of metal oxides, 235�236

titanium oxide, 238

zinc oxide, 237�238

classification, 209�210

defects and diffusion in, 18�20

interface bonding, 18

modification, 24�25

nanomaterials, 190�191

NPs, 235, 241�242

toxicology, 243�246

Metal-modified metal oxide, 24�25

Metal(s), 210�211

alkoxides, 33

combustion, 336�337

glass composites, 5, 212

nanoparticles, 1

salts, 33

Metallic bonding, 17�18

Metallic implant surfaces, 144�145

Metalorganic CVD (MOCVD), 39

Metal�oxide�semiconductor (MOS),

263�265

Metal�oxide�semiconductor field-effect

transistor (MOSFET), 263�265

Methanol, catalytic oxidation of, 284

Methicillin-resistant S. aureus (MRSA), 151
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Methylcellulose (MC), 359�360

MgAl2O4�Si3N4 composite powders, 47

MgO nanopowders, 49

MgO�CaO�TiO2 ternary system (MgCaO4

ternary system), 182�183

MIC. See Minimum inhibitory concentration

(MIC)

Micro-unidentified flying objects, 194�195

Microballs, 194�195

Microcomputed tomography, 352�353

Microemulsion technique, 203

Microencapsulation, surface treatment

including, 90�92

Microstars, 194�195

Microwave

heating, 192�193

microwave-assisted synthesis, 192�196

radiation, 192�193

Microwave synthesis (MS), 263�265

Milling, 1, 45

production of metal oxides powder,

170�177, 173f, 174t

Mineral balas ruby (MgAl2O4), 169

Minimum inhibitory concentration (MIC),

137�138, 140

Mixed methods, 182�183

cold steam process, 183

mechanochemical method, 182�183

reactive milling technique, 183

MM. See Mechanical milling (MM)

MMCs. See Metal matrix composites

(MMCs)

Mn-HAp. See Manganes�substituted

hydroxyapatite (Mn-HAp)

MnO2-Cy5-labeled aptamer-based

nanoprobes, 127�128

MnO2-NSs, 122�123, 125�129

MnO2-PEG-FA/DOX-NSs, 129

MOCVD. See Metalorganic CVD (MOCVD)

Molar ratio, 337

Molecular beam epitaxy (MBE), 220,

225�226, 226f

Molecular crowding, 156�157

Molybdenum dioxide (MoO2), 3, 210

Monolith, 191�192

Monolithic zirconia, 108

2-(N-Morpholino) ethanesulfonic acid

(MES), 124

MOs. See Metal oxides (MOs)

MOS. See Metal�oxide�semiconductor

(MOS)

MoS2-NS, 142�143

MOSFET. See Metal�oxide�semiconductor

field-effect transistor (MOSFET)

MP-SL. See Mask projection

stereolithography (MP-SL)

MRC-5 cells, 133

MRI. See Magnetic resonance imaging

(MRI)

MRSA. See Methicillin-resistant S. aureus

(MRSA)

MS. See Microwave synthesis (MS)

MSU. See Magnetic upconversion (MSU)

Mullite, 5, 212

Multifunctional metal oxides, 5

Multifunctional theranostic system, 129

Multiple drugs/antimicrobials, 142

Multiple metals-doped polymer-derived

SiOC ceramics, 373

N

N,N,N’,N’-tetramethylethylenediamine

(TEMED), 150

N,N’-methylenebisacrylamide (MBA),

147�148, 150

n-type materials, 263�265

n-type MOS (nMOS), 265�269

NaCMC. See Sodium

carboxymethylcellulose (NaCMC)

Nano-magnesium oxide (nano-MgOx), 391

Nano-silver ions, 154�155

Nano-TiO2, 390�391

Nano-ZnO. See Nanosized ZnO (Nano-ZnO)

Nanobiotechnology, 333�334

Nanocandles, 194�195

Nanoclusters (NCs), 121

Nanocoating, 90�92

Nanocrystalline

metal oxides, 190

pure and indium doped tin oxide powders,

48

ZnO, 40�41

Nanodiamonds, 92

Nanodielectrics, 392

Nanodisks, 194�195

Nanoferric oxides (nano-FeOx), 391

Nanoflakes, 314�315

Nanojunctions, 263�265
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Nanomaterials (NMs), 121, 190, 263�265,

335

Nanoneedles, 194�195

Nanonuts, 194�195

Nanoparticles (NPs), 1, 7, 83, 115�116,

121, 141, 233, 314�315, 333�334

Nanoparticulate iron oxides, 126

Nanorods (NRs), 121, 194�195

Nanosheets (NSs), 121

Nanosized cerium oxide powders, 45

Nanosized dispersed oxide particles, 115

Nanosized ZnO (Nano-ZnO), 5�6

Nanostructure materials, 314�315

Nanostructured metal oxides, 385�386

Nanostructured titanium metal oxides, 385

Nanotechnology, 92

Nanotopography, 145

Nanowires, 198

Natural oxide powders, 172

Naturally occurring metal oxides, 31

NCs. See Nanoclusters (NCs)

Near infrared (NIR), 127

Neurotoxicity, 299

Nickel (Ni), 257�258

alloys, 115

ions, 52�53

Ni�Cr alloy, 354�355

Nickel oxide (NiO), 257�258, 263�265

nanopowders, 48

NiO nanoparticles synthesis, 337�338

Niobium monoxide (NbO), 3, 210

Niobium oxide (Nb2O5), 3, 210

Niobium pentoxide (Nb2O5), 321

NIR. See Near infrared (NIR)

Nitrates, 33

Nitric oxide (NO), 135

Nitrogen oxides, 285

nMOS. See n-type MOS (nMOS)

NMs. See Nanomaterials (NMs)

NO. See Nitric oxide (NO)

Noble gases, 223

Nonmetal-modified metal oxide, 24�25

Nonmetals, 210�211

Nonmetric tungsten disulfide, 93

Nonrenewable energy, 253�254

Nontransition metal oxides, 2�3

NPs. See Nanoparticles (NPs)

NRs. See Nanorods (NRs)

NSs. See Nanosheets (NSs)

Nuclear factor-kappa B signaling pathway,

246

Nuclei, 195�196

NWQSs. See Interim National Water Quality

Standards (NWQSs)

Nylon, 199�200

O

1-Octadecene, 40

Octahedral NiO nanoparticles, antimicrobial

activity of, 344�345

ODS materials. See Oxide-dispersion

strengthened materials (ODS

materials)

Olefins

catalytic metathesis of, 288�289

catalytic polymerization of, 289�291

metathesis technology, 289

One-dimensional TiO2 nanotubes (1D TiO2

nanotubes), 20

One-pot synthesis processes, 191�192

OPD. See Organic photodiode (OPD)

Optical biosensing platforms, 128

Optical biosensors, 315�317

Optoelectronics devices, 272�274

Organic membranes, 333�334

Organic photodiode (OPD), 269�272

Osmium dioxide (OsO2), 3, 210

Osteogenesis, 145

Osteomyelitis, 150

Oxidation, 244

oxidation-resistant metallic layer, 4

Oxidative stress, 154�155, 244, 246

Oxide crystals, 190

Oxide materials, 263�265

Oxide-based ceramic matrix composites, 109

examples, 106�109

alumina�alumina composites,

108�109

alumina�silicon carbide composites,

106�107

alumina�titanium carbide composites,

106

alumina�zirconia composites,

107�108

processing of, 103�105

cold pressing followed by sintering,

103�104, 104f

hot pressing, 104
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lamination process, 105

slurry infiltration, 104, 105f

Oxide-dispersion strengthened materials

(ODS materials), 115, 176

Oxygen

antisites, 23�25

gas, 39

interstitials, 25

vacancies, 23�25

vacancy defects, 22

P

p-type materials, 263�265

p-type semiconductor, 334�335

p38, 131�132

PAC. See Paclitaxel (PAC)

Paclitaxel (PAC), 132�133

Paeonia tenuifolia, 135�136

Paraffin oil, metal oxides powder dispersions

in, 392�393

Paramelaconite (Cu4O3), 272�274

Particle repulsion, 110

Particulate composites, 101

Particulate gel, 191�192

Particulate-reinforced metal matrix

composites, 109�113

infiltration method, 112�113, 112f

IPM, 109�110, 110f

standard powder metallurgy, 109

stir casting, 110�112, 111f

Paste extrusion 3DP technique, 369�372

PC. See Polycarbonate (PC)

PCL. See Poly-ε-caprolactone (PCL)
PCS. See Polycarbosilane (PCS)

PE. See Phosphatidylethanolamine (PE)

PECVD. See Plasma-enhanced CVD

(PECVD)

PEG. See Polyethylene glycol (PEG)

PEG methyl ether methacrylate-modified

ZnO (ZnO-PEGMA), 148�149

PEGylated NPs, 130

PEGylated-ZnO-NP-DOX-nanocomposites,

133

PEGylation, 130�131

Pelletizing, 67

Penicillium chrysogenum, 342�345

Perchlorates, 33

Periclase (MgO), 169

Permittivity of dielectric, 387

Perovskite LEDs (PLEDs), 269�272

Perovskite oxides, 45�46

Perovskite-NSs, 122

Persistent photoconductivity (PPC),

265�269

PES. See Polyethersulfone (PES)

PET. See Polyethylene terephthalate (PET)

PFA. See Pore-forming agents (PFA)

Phase transformation, 190

of CaO and Fe3O4 mixtures in

CO�CO2�N2 atmosphere, 70�73

CO content effect, 73

temperature effect, 70�73

XRD patterns of samples, 72f

Phenyl ether, 40

Phillips process, 289

Phosphatidylethanolamine (PE), 155

Phospholipids, 155�156

Photo-stimulated ZnO, 154�155

Photocatalyst, 321�324, 322f

metal oxide for heavy metal removal from

water/wastewater, 323t

Photodetectors, 272�274

perovskite-based MOS photodetector,

272f

Photoluminescence analysis, 37

Physical methods, metal oxide powders

preparation, 32, 45�52

comminution, 45�46

freeze drying, 49�50

PLA, 50�51

spray drying, 46�48

spray pyrolysis, 48�49

vaporization�condensation method,

51�52

Physical vapor condensation, 51�52

Physical vapor deposition (PVD), 38�39,

83, 182, 213, 219�228. See also

Chemical vapor deposition (CVD)

categorization, 219f

DC sputtering, 222�224

flash evaporation method, 226, 227f

ion plating technique, 228, 229f

MBE, 225�226, 226f

merits of, 220

PLD, 221�222

radio-frequency sputtering, 224�225

steps in, 219�220, 220f

thermal evaporation, 221
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Phβ-GBP. See β-1,3-glucan molecules and

binding protein (Phβ-GBP)
Pichia kudriavzevii GY1, 345�346

PLA. See Pulsed laser ablation (PLA)

Planar defects, 25

Plasma

deposition, 220

impedance, 225

plasma-treating method, 83

spraying, 89, 216

Plasma-enhanced CVD (PECVD), 39

Plate-like Fe3O4 nanoparticles, 194

PLD. See Pulsed laser deposition (PLD)

PLEDs. See Perovskite LEDs (PLEDs)

PLGA. See Poly (lactic-co-glycolic acid)

(PLGA)

PLH. See Poly (L-histidine) (PLH)

PM. See Powder metallurgy (PM)

PMCs. See Polymer matrix composites

(PMCs)

PMMA-bone-cement with Ag-NPs, 151

Pneumatic atomization, 46�47

PNIPAAm. See Poly(N-isopropylacrylamide)

(PNIPAAm)

Point defects, 18�19

Polarization, 386�387

Poly (L-histidine) (PLH), 158

Poly (lactic-co-glycolic acid) (PLGA), 158

Poly-ε-caprolactone (PCL), 352
Poly(N-isopropylacrylamide) (PNIPAAm),

147

Poly(vinyl alcohol)/ZnO-NPs composite

hydrogel, 147

Polyacrylamide/MgO-nanocomposite

hydrogel, 150

Polyamide, 199�200

Polycarbonate (PC), 116

Polycarbosilane (PCS), 373�375

Polyethersulfone (PES), 335�336

Polyethylene glycol (PEG), 372�373

Polyethylene terephthalate (PET), 265�269

Polymer matrix composites (PMCs), 101

application of metal oxides in, 115�118

alumina-reinforced polymer matrix

composites, 116

SiO2-reinforced polymer matrix

composites, 116�117

TiO2-reinforced polymer matrix

composites, 117

ZnO-reinforced polymer matrix

composites, 117�118

Polymer optical fibers, 117

Polymerization, surface treatment including,

87�89

Polymers, 87�89

coating process effects on tribological

properties, 89

polymer-modified metal oxide, 24�25

WS2 nanoparticles lubricants effects on,

92�94

Polymorphs, 6�7

Polyvinyl alcohol (PVA), 49, 366�368

Polyvinyl butyral (PVB), 352

Polyvinylidene fluoride (PVDF), 369�372

PON-1, 135

POP. See Pure plaster of Paris (POP)

Pore-forming agents (PFA), 377�378

Porous fibrous alumina ceramics, 376�377

Porous ZnO platelets, 41

Porphyromonas gingivalis, 152

Portable sensors, 299�301

Potassium hydroxide (KOH), 37�38

Powder metallurgy (PM), 109

PPC. See Persistent photoconductivity (PPC)

Precipitation, 83, 281�282

precipitation�condensation with

nonaqueous ion exchange, 190

Premature ageing, 389

Pressure nozzle atomization, 46�47

Prevotella intermedia, 152

Protein-directed-syntheses, 124

Proteus vulgaris, 133�134

Pseudomonas aeruginosa, 133�134,

137�138, 152�153

Pseudomonas desmolyticum, 156�157

Pulse voltammetry techniques (PV

techniques), 303�314

Pulsed laser ablation (PLA), 1, 50�51, 182

Pulsed laser deposition (PLD), 203,

220�222, 223f, 272�274

Pure plaster of Paris (POP), 369�372

PV techniques. See Pulse voltammetry

techniques (PV techniques)

PVA. See Polyvinyl alcohol (PVA)

PVD. See Physical vapor deposition (PVD)

PVDF. See Polyvinylidene fluoride (PVDF)

Pyrolusite (MnO2), 169

Pyrolysis, 83
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Q

Quantum dot LEDs (QLEDs), 269�272

Quartz sand. See Silicon dioxide (SiO2)

Quercetin, 239

R

Radio-frequency (RF), 220

sputtering, 224�225, 225f

Raman analysis, 37

Rapid solidification, 170

Rare earth metals, 212

RD. See Relative density (RD)

Reaction mechanism between CaO and

Fe3O4 under CO�CO2�N2

atmosphere, 76�80

Reaction parameters, 189�190

Reactive milling technique, 170, 183

Reactive oxygen species (ROS), 242�244

Real-time polymerase chain reaction (RT-

PCR), 154�155

Red sandalwood (RSW), 134�135

Refining, 85

Reinforcement material, 101

Relative density (RD), 368

Relative permittivity, 388

Renewable energy, 253�254

sources, 253�254

Resistivity of dielectric, 387

RF. See Radio-frequency (RF)

RGD motifs. See Arg-Gly-Asp motifs (RGD

motifs)

Rhenium dioxide (ReO2), 3, 210

Rhenium trioxide (ReO3), 3, 210

Rhizoctonia solani, 344�345

Rhodium (II) citrate, 239

Rhodium oxide (RhO2), 3, 210

Roasting tests, 68�69, 68f

Rolling, 85

Room-temperature metal�insulator

transitions, 124

ROS. See Reactive oxygen species (ROS)

RP phase. See “Ruddlesden�Popper” phase

(RP phase)

RSW. See Red sandalwood (RSW)

RT-PCR. See Real-time polymerase chain

reaction (RT-PCR)

Rubbing, 170�171

“Ruddlesden�Popper” phase (RP phase),

122

Ruthenium dioxide (RuO2), 3, 210,

257�258

Ruthenium oxide. See Ruthenium dioxide

(RuO2)

Rutile TiO2, 35

S

SA. See Stearic acid (SA)

SAS. See Supercritical CO2 antisolvent

(SAS)

SBF. See Simulated body fluid (SBF)

Scanning electron microscopy (SEM),

67�68, 352�355

Schottky diodes, 263�265

SCR. See Selective catalytic reduction

(SCR)

Scratching, 170�171

Screw-assisted extrusion AM systems, 352,

353f

SCS. See Solution combustion synthesis

(SCS)

SDS. See Sodium dodecyl sulfate (SDS)

Selective catalytic reduction (SCR), 285

of NOx, 285�286

Self-assembly process. See Bottom-up

approach

SEM. See Scanning electron microscopy

(SEM)

Semiconductor diodes, 269�272

Semiconductor-modified metal oxide,

24�25

Serpentine powders (SPs), 93

SFE. See Surface free energy (SFE)

SG process. See Sol�gel method (SG

process)

Shaker mill, 183

Shell higher olefins process (SHOP), 289

SiC. See Silicon carbide (SiC)

Silane coupling agents, 364�365

Silica. See Silicon dioxide (SiO2)

Silica matrix composites, 109

Silicon carbide (SiC), 106�107

Silicon carbide fibers (SiCf), 107

Silicon dioxide (SiO2), 2�3, 51�52, 114,

118, 210, 280

nanopowders, 49

NPs, 117

SiO2-reinforced polymer matrix

composites, 116�117
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Silicon dioxide (SiO2) (Continued)

SiO2�AIN, 109

SiO2�CNT, 109

Silicon oxynitride (SiON), 269�272

Silver-NPs, 146

Simple evaporation technique, 178

Simulated body fluid (SBF), 363�364

Singlet oxygen (1O2), 153�154

Sintering

behaviors of Fe3O4 and CaO powders, 67

cold pressing followed by, 103�104, 104f

experimental, 68�70

characterization, 70

fusion temperature measurement, 69

materials, 68

methods, 68�70

roasting tests, 68�69, 68f

CaO�Fe3O4 system in CO�CO2�N2

atmosphere

liquid phase formation, 73�76

phase diagrams, 70

phase transformation, 70�73

reaction mechanism between, 76�80

processes, 258

SiON. See Silicon oxynitride (SiON)

SKOV3 cells, 132

SLA-based method. See Stereolithography-

based method (SLA-based method)

Slurry infiltration, 104, 105f

Sodium bicarbonate, 282

Sodium carboxymethylcellulose (NaCMC),

150

Sodium dodecyl sulfate (SDS), 44

templates, 124

Sodium hydroxide (NaOH), 37, 43�45

Sodium tripolyphosphate (STPP),

376�377

SOFC, 254�255

applications of, 255

Soft-chemistry method. See Sol�gel method

Soft-template processes, 124

Solar cells, 255�256

Sol�gel method (SG process), 33�35, 34f,

191�192, 192f, 263�265, 282�283

deposition method, 213�215, 215f

Solid fuel cell electrolyte, 254�255

Solid-state quenching, 169�170

Solidified eutectic ceramics, 359

Solution (sol), 214

Solution combustion synthesis (SCS),

336�337

metal oxides preparation by, 337

Solution processed of molybdenum oxide

(sMoOx), 269�272

Solution-based techniques, 263�269

Solvent evaporation technique, 178

Solvothermal synthesis, 196�197

Sonneratia apetala, 135�136

Sonochemical method, 41�45

Spectroscopy characterization techniques,

280�281

Sphere temperature, 69

Spherical ZnO powders, 37

SPIONs. See Superparamagnetic iron oxide

NPs (SPIONs)

Splitting, 1�2

Spray drying. See Atomization

Spray pyrolysis, 48�49, 216, 217f

SPs. See Serpentine powders (SPs)

Sputtering, 1, 224

Square wave ASV (SWASV), 303�314

SrLaTi2 TaO10, 122

Stainless steel, 36�37

Standard powder metallurgy, 109

Staphylococcus aureus, 133�134, 137�140,

146�147, 150�153, 156�157,

342�345

Staphylococcus epidermidis, 144, 150�151

Stearic acid (SA), 34�35, 364�365

Steel-based composites, 115

Step-growth polymerization, 199�200

Stereolithography-based method (SLA-based

method), 361

Stir casting, 110�112, 111f

STPP. See Sodium tripolyphosphate (STPP)

Stratosphere, 200

Streptococcus mutans, 144, 152

Streptococcus pyogenes, 139�140

Streptococcus sanguis, 152

Structural analysis, 339�341

Sulfates, 202

Supercapacitor and metal oxides powder

technology, 257�258

Supercritical CO2 (SC CO2), 83

Supercritical CO2 antisolvent (SAS), 83

Supercritical fluids (SCFs), 191�192

Superhydrophobic coatings, 214

Superoxide radical (O2�), 153�154
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Superparamagnetic iron oxide NPs

(SPIONs), 236�237, 239

Supported catalyst oxides, synthesis methods

of, 281�283

CVD, 282

flame hydrolysis, 283

grafting, 282

hydrothermal method, 283

impregnation method, 281

precipitation/coprecipitation, 281�282

sol�gel method, 282�283

Supported metal oxides, 280�281

Surface free energy (SFE), 145

Surface modification, 84

coating process effects on tribological

properties of polymer and alloys, 89

surface treatment, 84�87

heat treatment and surface hardening

for automotive components, 86t

including nanocoating and

microencapsulation, 90�92

including polymerization, 87�89

temperature designation of polymer and

alloys, 88t

test conditions and materials, 85t

WS2 nanoparticles lubricants effects on

polymer and alloys, 92�94

Surface morphological studies, 341�342

Surface tension, 23

SUS304 stainless steel, 90�91

SWASV. See Square wave ASV (SWASV)

Synthetic oxide powders, 172

T

T3DP. See Thermoplastic 3DP (T3DP)

Taguchi method, 376�377

Tamoxifen, 239

Tantalum, 36�37

Tantalum oxide (Ta2O5), 3, 210

Tauc’s plots, 35

TBARS assay. See Thiobarbituric acid-ROS

assay (TBARS assay)

Teflon, 36�37

TEM. See Tunneling electron microscopy

(TEM)

TEMED. See N,N,N’,N’-

tetramethylethylenediamine

(TEMED)

Template/surface derivatized methods,

203�205

Tensile strength, 87�89

Ternary calcium ferrite, 73

Tetramethylammonium cations (TMA), 124

TFTs. See Thin-film transistors (TFTs)

TG. See Top gate (TG)

theranostic applications of metal oxides, 239

Theranostics, 126�128

Thermal barrier coatings, 5

materials, 4

Thermal decomposition, 196

processing, 40�41

Thermal evaporation, 1, 220�221, 222f

Thermal oxidation technique, 199

Thermal protection coatings (TPCs), 5, 212,

212f

CVD techniques, 213�219

metal oxides, 209�210

necessity of protection coatings, 210�213

technologies, 213�228

Thermally grown oxide, 4

Thermodynamic defects. See Electronic

defects

Thermolysis. See Thermal decomposition

processing

Thermoplastic 3DP (T3DP), 377�378

Thermosphere, 200

θ-alumina, 40

Thin film

deposition techniques, 213

form of metal oxide, 4

Thin-film transistors (TFTs), 263�269

Thiobarbituric acid-ROS assay (TBARS

assay), 140

Three-dimensional network (3D network),

191�192

Three-dimensional printed ceramic

application in mechanics, 355�364

cylinder scaffolds and custom-made

scaffolds, 359f

equipment and experimental process,

360f

micro-and macrostructures of fabricated

parts, 358f

porous bioceramics produced by inkjet

3D printing, 357f

porous structures of CaP scaffolds, 363f
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Three-dimensional printed ceramic

(Continued)

procedure for fabricating Cf/SiC

composite parts, 362f

processing route for direct ink writing

of capillary suspension, 361f

technologies, 356f

for medical applications, 351�355

entity model of diamond tool, 354f

STL file and 3D printed HA Cube

scaffolds, 353f

technology in physics, 364�378

additive manufacturing of polymer-

derive ceramics, 374f

bottom-up MP-SL equipment, 372f

dispersion mechanism of ceramic

particles, 367f

fabrication process of Al2O3

microcomponents, 365f

fabrication process of SiC with 3D

structure, 375f

liquid drying process of gelled silicon

carbide green body, 373f

pendant droplet test set up, 368f

printed green components, 366f

STE and monkey-bar style 3D printer,

377f

3DGP process for printing zirconia

parts, 369f

typical oxide ceramic

microcomponents, 370f

Three-dimensional printing technology (3DP

3D technology). See Additive

manufacturing technology (AM

technology)

Three-dimensional TiO2 nanosheets (3D

TiO2 nanosheets), 20

3D gel-printing (3DGP), 368

Tin oxide (SnO2), 263�265, 314

TiO2-NPs/CMCh/PVA ternary

nanocomposite hydrogels, 150

TiO2-reinforced polymer matrix composites,

117

TIP. See Titanium isopropoxide (TIP)

Titania. See Titanium dioxide (TiO2)

Titanium (Ti), 36�37, 393

3d electrons, 21�22

matrix composites, 114

Titanium dioxide (TiO2), 17, 20, 122, 234,

238, 263�265, 280, 317, 389�391

chemical studies, 20�22

nanoparticles, 195�196

NPs, 235�236, 239�240, 242�243

powder/nanomaterials, 390�391

Titanium isopropoxide (TIP), 196�197

Titanium monoxide (TiO), 3, 210

Titanium tetrachloride (TiCl4), 44�45

Titanium tetraisopropoxide (TTIP), 35

TMA. See Tetramethylammonium cations

(TMA)

TMDCs. See 2D-transition metal

dichalcogenides (TMDCs)

TMOs. See Transition metal oxides (TMOs)

Top gate (TG), 265�269

Top-down approach, 32, 123, 189�190

Toxicology of metal oxides, 243�246

cytotoxicity, 245�246, 245f

genotoxicity, 246

inflammation, 246

oxidative stress, 244

TP-MSNs. See Two-photon mesoporous

silica (TP-MSNs)

TPCs. See Thermal protection coatings

(TPCs)

Transistors, 265�269

Transition metal oxides (TMOs), 2�3, 121,

210, 317

Troposphere, 200

TTIP. See Titanium tetraisopropoxide

(TTIP)

Tungsten carbide (WC), 183

Tungsten dioxide (WO2), 3, 210

Tungsten trioxide (WO3), 3, 210

nanoparticles, 269�272

nanopowders, 51�52

WO3/SiO2, 289

Tunneling electron microscopy (TEM), 2,

43f

Two-dimension (2D)

TiO2 nanosheets, 20

2D-MXene-NSs�based ceramics, 143

2D-paramagnetic-TMOs, 126

2D-substoichiometric-MoOx, 127

2D-substoichiometric-WOX, 127

Two-photon mesoporous silica (TP-MSNs),

129
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2D-transition metal dichalcogenides

(TMDCs), 125�126

U

Ultra high vacuum (UHV), 226

Ultrasonic atomization, 46�47

Ultrasonic mist-CVD (UM-CVD), 39

Ultrasonic spray pyrolysis, 48�49

Ultrathin-body (UTB), 265�269

Ultraviolet (UV), 239�240, 315�317

Ultraviolet�visible absorption (UV�Vis

absorption), 2

UM-CVD. See Ultrasonic mist-CVD (UM-

CVD)

Uniform-sized NiO�CuO�MgO fine

powders, 48�49

Uranium, 253�254

UTB. See Ultrathin-body (UTB)

UV. See Ultraviolet (UV)

UV�Vis absorption. See Ultraviolet�visible

absorption (UV�Vis absorption)

V

Vacuum plasma sprays, 216

Valence band (VB), 321

Valence electrons, 17�18

Van der Waals interactions (vdW

interactions), 122�123

Vanadium pentoxide (V2O5), 3, 210

Vancomycin, 141�142

Vapor ordered crystal growth, 38�39

Vapor�condensation, 169�170

Vaporization�condensation method, 51�52

VB. See Valence band (VB)

vdW interactions. See Van der Waals

interactions (vdW interactions)

Vibratory milling, 45

Vibrio cholerae, 133�134

Visible light, 24�25

Vitronectin, 87�89, 145

W

Water, 301

disinfection, 334�335

vapor, 200

water-dispersed MnO2-NSs, 124

Water quality index (WQI), 301

Wet chemical process, 189�190

Wet coating methods of NPs, 83

Wet impregnation. See Diffusional

impregnation

Wet-chemical method. See Sol�gel method

Wound healing, 146, 241�243

WQI. See Water quality index (WQI)

WS2 nanoparticles lubricants effects on

polymer and alloys, 92�94

Wurtzite, 22�23

Wustite (FeO), 169

X

X-ray diffraction (XRD), 2�3, 67�68,

339�341, 340f

X-ray diffractometer, 354�355

X-ray photoelectron spectroscopy (XPS),

226

Xanthomonas campestris, 344�345

Xerogels, 191�192

Y

Young’s modulus, 87�89

Yttria-stabilized zirconia (YSZ), 5, 47, 108,

212

Yttrium oxide (Y2O3), 51, 108, 114

Z

ZG. See Glycine-assisted ZnO nanoflakes

(ZG)

Zinc (Zn), 134�135, 299

blende, 22�23

interstitials, 25

vacancies, 23�25

Zinc acetate dihydrate (Zn

(CH3COO)2 � 2H2O), 37

Zinc nitrate hexahydrate (Zn(NO3)2 � 6H2O),

37�38

Zinc oxide (ZnO), 17, 22�23, 117, 122,

234, 237�238, 263�269, 314,

389�391

antimicrobial activity of ZnO nanoflakes,

345�347

chemical studies, 22�24

nanopowders, 51�52

nano�sea urchins and tetrapods, 157�158

nanowires, 198

NPs, 236, 244

application as theranostic agents in

cancer, 240t

powder, 5�6, 48
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Zinc oxide (ZnO) (Continued)

spherical porous powders, 41

ZnO-reinforced polymer matrix

composites, 117�118

Zinc oxide nanoparticles (ZnO-NPs), 52�53,

131�134, 194�195

antiinflammatory effects, 135

chemical precipitation�based synthesis,

136

size-dependent penetrations, 135�136

synthesis, 337�338

Zinc palmitate (ZnP), 41

Zinc�tin oxide (ZTO), 263�265

Zirconates, 212

of rare earth metals, 5

Zirconia. See Zirconium dioxide (ZrO2)

Zirconia oxide. See Zirconium dioxide

(ZrO2)

Zirconia-reinforced steel, 115

Zirconium dioxide (ZrO2), 3, 108, 114, 210,

234, 318, 368

nanopowders, 49

powders, 48

ZnMn2O4 powders, 48�49

ZnO-NPs. See Zinc oxide nanoparticles

(ZnO-NPs)

ZnO-PEGMA. See PEG methyl ether

methacrylate-modified ZnO (ZnO-

PEGMA)

ZnP. See Zinc palmitate (ZnP)

ZTO. See Zinc�tin oxide (ZTO)
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