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One of the biggest challenges of 21st century is to develop power-
ful electrochemical energy devices (EEDs). The EEDs such as fuel
cells, supercapacitors, and Li-ion batteries are among the most
promising candidates in terms of power-densities and energy-den-
sities. The nanostructured materials (NSMs) have drawn intense
attention to develop highly efficient EEDs because of their high sur-
face area, novel size effects, significantly enhanced kinetics, and so
on. In this review article, we briefly introduce general synthesis,
fabrication and their classification as zero-dimensional (0D), one
dimensional (1D), two-dimensional (2D) and three-dimensional
(3D) NSMs. Subsequently, we focus an attention on recent progress
in advanced NSMs as building blocks for EEDs (such as fuel cells,
supercapacitors, and Li-ion batteries) based on investigations at
the 0D, 1D, 2D and 3D NSMs.
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1. Introduction

1.1. Overview

One of the most important applications of electrochemical energy devices (EEDs) is conversion and
storage of energy. It remains a challenge for the EEDs in the 21st century to achieve high power den-
sity and long-term cycling life. In response to the needs of modern society and emerging ecological
concerns, it is highly desirable to find new, low-cost and environmentally friendly electrochemical en-
ergy conversion and storage for powering an increasingly diverse range of applications, ranging from
portable power for consumer electronics to potential transport applications [1–6]. This allowed for ra-
pid research in electrochemical energy conversion and storage devices such as fuel cells, supercapac-
itors, and Li-ion batteries. As the performance of these EEDs depends intimately on the properties of
their materials, considerable attention has been given to the research and development of key mate-
rials. Micrometer sized bulk materials are reaching their inherent limits in performance and cannot
fully satisfy the increasing desires of consumer EEDs. Therefore, the development of new material with
high performance is essential to obtain more efficient EEDs. The rapid advances in nanoscience and
technology provides new opportunities in achieving highly efficient EEDs such as fuel cells, superca-
pacitors, and Li-ion batteries. Particularly, the physical properties such as a large surface area and
novel size effects of nanostructured materials (NSMs) markedly improve the efficiency of such EEDs
[6–11]. Therefore, NSMs are becoming increasingly important in the development of electrochemical
conversion and storages devices and hence have attracted great interest in recent years. The develop-
ment in past years has shown that NSMs have great potential for innovation of new technology for
everlasting demand of energy. Toward this aim, the present review article is mainly focused on the
recent developments in the synthesis and fabrication of zero-dimensional (0D), one-dimensional
(1D), two-dimensional (2D) and three-dimensional (3D) NSMs and their application in EEDs such as
fuel cells, supercapacitors, and Li-ion batteries [1–15].
1.2. The scope of this review

In this review article, we will briefly describe the classification of NSMs. Subsequently, experimen-
tal techniques involved in the synthesis and fabrication of processes of 0D, 1D, 2D and 3D NSMs will be
described. This will be followed by an in-depth discussion of the experimental techniques (physical
and chemical processes) employed by different researchers to fabricate NSMs. Section 5 addresses
the applications of 0D, 1D, 2D and 3D NSMs in EEDs such as fuel cells, supercapacitors, and Li-ion bat-
teries. In this section, we will first describe the working principle of fuel cells, supercapacitors, and Li-
ion batteries in their introduction section. Further, recent work on development of 0D, 1D, 2D, and 3D
NSMs in the applications of fuel cells, supercapacitors, and Li-ion batteries, will also be described,
which will be followed by a discussion of 0D, 1D, 2D and 3D NSMs behavior. The final section will de-
scribe the conclusions. Lastly but not least, some issues that need to be clarified in the near future are
proposed in final section.
2. Classification of nanostructured materials (NSMs)

In the past two decades, hundreds of novel NSMs have been obtained; therefore, the need in their
classification is ripened. NSMs as a subject of nanotechnology are low dimensional materials compris-
ing of building units of a submicron or nanoscale size at least in one direction and exhibiting size ef-
fects. The first classification idea of NSMs was given by Gleiter in 1995 [16] and further was explained
by Skorokhod in 2000 [17]. However, Gleiter and Skorokhod scheme was not fully considered because
of 0D, 1D, 2D, and 3D structures such as fullerenes, nanotubes, and nanoflowers were not taken into
account. Therefore, Pokropivny and Skorokhod [18] reported a modified classification scheme for
NSMs, in which 0D, 1D, 2D and 3D NSMs are included. Herein we classified the NSMs based on the
scheme of Pokropivny et al. scheme.
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2.1. 0D NSMs

A major feature that discriminates various types of nanostructures is their dimensionality. The
word ‘‘nano’’ stems from the Greek word ‘‘nanos’’, which means dwarf [19]. This word ‘‘nano’’ has been
assigned to indicate the number 10�9, i.e., one billionth of any unit. In the past 10 years, significant
progress has been made in the field of 0D NSMs. A rich variety of physical and chemical methods have
been developed for fabricating 0D NMSs with well-controlled dimensions. Recently, 0D NSMs such as
uniform particles arrays (quantum dots), heterogeneous particles arrays, core–shell quantum dots,
onions, hollow spheres and nanolenses have been synthesized by several research groups [20–24].
Fig. 1 shows the images of different types of 0D NSMs. Moreover, 0D NSMs, such as quantum dots
has been extensively studied in light emitting diodes (LEDs) [25], solar cells [26], single-electron tran-
sistors [27], and lasers [28].

2.2. 1D NSMs

In the last decade, 1D NSMs have stimulated an increasing interest due to their importance in re-
search and developments and have a wide range of potential applications. It is generally accepted that
1D NSMs are ideal systems for exploring a large number of novel phenomena at the nanoscale and
investigating the size and dimensionality dependence of functional properties. They are also expected
to play an important role as both interconnects and the key units in fabricating electronic, optoelec-
tronic, and EEDs with nanoscale dimensions. The field of 1D NSMs such as nanotubes has attained a
significant attention after the pioneering work by Iijima [29]. 1D NSMs have a profound impact in
nanoelectronics, nanodevices and systems, nanocomposite materials, alternative energy resources
and national security [30]. In Fig. 2, we show the 1D NSMs, such as nanowires, nanorods, nanotubes,
nanobelts, nanoribbons, and hierarchical nanostructures, which have been synthesized in our and
other laboratories [31–46].
Fig. 1. Typical scanning electron microscope (SEM) and transmission electron microscope (TEM) image of different types of 0D
NSMs, which is synthesized by several research groups. (A) Quantum dots [20], (B) nanoparticles arrays, (C) core–shell
nanoparticles, (D) hollow cubes, and (E) nanospheres. Reprinted by permission of the Wiley-VCH Verlag GmbH & Co. KGaA.



Fig. 2. Typical SEM image of different types of 1D NSMs, which is synthesized by several research groups. (A) Nanowires, (B)
nanorods [32], (C) nanotubes [33], (D) nanobelts [34], (E) nanoribbons, [35] and (F) hierarchical nanostructures [36]. Reprinted
by permission of the Japan Society of Applied Physics, Elsevier, IOP Publishing Ltd., and ACS publishers.

Fig. 3. Typical SEM and TEM image of different kinds of 2D NSMs, which is synthesized by our and several research groups.
(A) Junctions (continuous islands), (B) branched structures [52], (C) nanoplates [54], (D) nanosheets [55], (E) nanowalls [56],
and (F) nanodisks [57]. Reprinted by permission of IOP Publishing Ltd., The American Ceramic Society, and ACS Publishers.

728 J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803
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2.3. 2D NSMs

2D nanostructures have two dimensions outside of the nanometric size range. In recent years, a
synthesis 2D NSMs have become a focal area in materials research, owing to their many low dimen-
sional characteristics different from the bulk properties. In the quest of 2D NSMs, considerable re-
search attention has been focused over the past few years on the development of 2D NSMs. 2D
NSMs with certain geometries exhibit unique shape-dependent characteristics and subsequent utili-
zation as building blocks for the key components of nanodevices [47–49]. In addition, a 2D NSMs
are particularly interesting not only for basic understanding of the mechanism of nanostructure
growth, but also for investigation and developing novel applications in sensors, photocatalysts, nano-
containers, nanoreactors, and templates for 2D structures of other materials [50]. In Fig. 3, we show
the 2D NSMs, such as junctions (continuous islands), branched structures, nanoprisms, nanoplates,
nanosheets, nanowalls, and nanodisks [51–57].

2.4. 3D NSMs

Owing to the large specific surface area and other superior properties over their bulk counterparts
arising from quantum size effect, 3D NSMs have attracted considerable research interest and many 3D
NSMs have been synthesized in the past 10 years [1–15]. It is well known that the behaviors of NSMs
strongly depend on the sizes, shapes, dimensionality and morphologies, which are thus the key factors
to their ultimate performance and applications. Therefore it is of great interest to synthesize 3D NSMs
with a controlled structure and morphology. In addition, 3D nanostructures are an important material
due to its wide range of applications in the area of catalysis, magnetic material and electrode material
for batteries [1–15]. Moreover, the 3D NSMs have recently attracted intensive research interests
because the nanostructures have higher surface area and supply enough absorption sites for all in-
volved molecules in a small space [58]. On the other hand, such materials with porosity in three
dimensions could lead to a better transport of the molecules [58–60]. In Fig. 4, we show the typical
Fig. 4. Typical SEM and TEM image of different kinds of 3D NSMs, which is synthesized by our and several research groups.
(A) Nanoballs (dendritic structures) [61], (B) nanocoils [62], (C) nanocones, (D) nanopillers [63], and (E) nanoflowers [64].
Reprinted by permission of ACS Publishers.
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3D NMSs, such as nanoballs (dendritic structures), nanocoils, nanocones, nanopillers and nanoflowers
[61–65].
3. Synthesis of NSMs

NSMs have attracted a great deal of interests from both fundamental science and technological
application points of view because their physical, chemical, electronic and magnetic properties show
dramatic difference from higher dimensional counterparts. And based on their dimension, NSMs can
be divided into 0D, 1D, 2D and 3D NSMs, which generate a series of novel physical and chemical prop-
erties that differ much from those of conventional bulk materials. Many techniques have been devel-
oped to synthesize and fabricate 0D, 1D, 2D and 3D NSMs with controlled size, shape, dimensionality
and structure. The physical or chemical methods are generally used for synthesizing and fabricating
0D, 1D, 2D and 3D NSMs. There are a variety of physical and chemical methods for synthesizing
and fabricating 0D, 1D, 2D and 3D NSMs. Therefore, first we will give a brief description of these tech-
niques for synthesizing and fabricating 0D, 1D, 2D and 3D NSMs. After the description of these tech-
niques, we will discuss the details of the different types of NSMs such as 1D, 2D and 3D, which is
synthesized or fabricated by either a physical or a chemical process.

3.1. Physical methods

Physical method provides an eco-friendly path to fabricate surface clean 0D, 1D, 2D and 3D NSMs.
Currently, there are various physical methods used for the synthesis and fabrication of 0D, 1D, 2D and
3D NSMs which will be described in more detail below.

3.1.1. Evaporation technique
Evaporation (Fig. 5) is a common method of thin film deposition. Various evaporation techniques,

such as thermal and ion assisted evaporation are used for the synthesis and production of 0D, 1D, 2D
and 3D NSMs. One of the most common and most widely-used techniques involves the synthesis of
single-phase metals and ceramic oxides by the inert-gas evaporation technique. The schematic dia-
gram of thermal evaporation equipment is shown in Fig. 5. In this technique, the evaporated atoms
or molecules loss energy via collisions with the gas atoms or molecules and undergo a homogeneous
condensation to form atom clusters in the vicinity of a cold-powder collection surface. In order to
prevent further aggregation or coalescence of the clusters, the formed clusters should be removed
from the region of deposition [66,67].
Fig. 5. A schematic drawing of thermal evaporation chamber setup.
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3.1.2. Sputtering technique
Nowadays different kind of sputtering system such as ion-assisted deposition, ion beam, reactive,

high-target utilization, high power impulse magnetron and gas flow sputtering used for synthesis of
NSMs. A typical sputtering process, generally involves the ejection of atoms or clusters of designated
materials by subjecting them to an accelerated and highly focused beam of inert gas such as helium or
argon [66]. A schematic diagram of a typical sputtering system is shown in Fig. 6.

3.1.3. Lithography processes
Lithography is more versatile and easy to implement process for producing the self-assembled of

0D, 1D, 2D and 3D NSMs on different types of substrates. Lithography is also a rapid and effective
method for surface patterning, which is compatible with a large variety of materials. Lithography in-
cludes many different kinds of surface preparation in which a design is transferred from a photomask
or reticle onto a substrate surface that would allow multiple copies to be made from one exposure.
Lithography techniques can be divided in two categories on the basis of the nanofabrication
approaches:

(1) Unconventional approaches such as soft nano-imprint lithography, [68,69] nanosphere lithog-
raphy, [70,71] colloidal lithography, [72] nano-imprint lithography, [73] and solution-phase
synthesis [74,75].

(2) Conventional approaches like e-beam lithography and focused ion beam lithography.

Unconventional approaches are more preferable to conventional approaches. Lithographic pattern-
ing is achieved by various molding processes, for instance nanoimprint lithography, hot embossing,
and elastomer molding. Lithography has become a widely used technique by many researchers in
fields of physics, chemistry, and biology [76].

3.1.4. Hot and cold plasma
A plasma is sometimes referred to as being ‘‘hot’’ if it is nearly fully ionized, or ‘‘cold’’ if only a small

fraction, (for instance 1%), of the gas molecules are ionized, but other definitions of the terms ‘‘hot
plasma’’ and ‘‘cold plasma’’ are common. Even in cold plasma, the electron temperature is still typi-
cally several thousand degrees Celsius. Fig. 7 shows a schematic drawing of the hot plasma equipment
for producing nanostructured material in powder form. Generally such equipment consists of an arc
melting chamber and a collecting system. The thin films of alloys were prepared from highly pure
metals by arc melting in an inert gas atmosphere. Each arc-melted ingot was flipped over and
Fig. 6. A schematic drawing of a typical sputtering system.



Fig. 7. A schematic drawing of hot plasma.
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remelted three times. Then, the thin films of alloy were produced by arc melting a piece of bulk
materials in a mixing gas atmosphere at a low pressure. Before the ultrafine particles were taken
out from the arc-melting chamber, they were passivated with a mixture of inert gas and air to prevent
the particles from burning up.

Fig. 8 shows a schematic drawing of the cold plasma equipment for producing nanowires in large
scale and bulk quantity. Generally such equipment consists of a conventional horizontal quartz tube
furnace and an inductively coupled coil driven by a 13.56 MHz radio-frequency (rf) power supply. Re-
cently, Zheng et al. used the cold plasma system to synthesize the silicon oxynitride nanowires [77]. In
a typical synthesis of silicon oxynitride nanowires, they used nickel coated silicon wafers as a sub-
strate. The more explanation on cold plasma methodology to fabricate the silicon oxynitride nano-
wires can be found in the article [77]. For that reason, we did not discuss in more detail here about
the production of silicon oxynitride nanowires.
3.1.5. Spray pyrolysis
Spray pyrolysis (Fig. 9) is basically a solution process in which nanoparticles are direct deposited by

spraying a solution on a heated substrate surface, where the constituent react to form a chemical com-
pound. The chemical reactants are selected such that the products other than the desired compound
are volatile at the temperature of deposition. The spray pyrolysis represents a very simple and rela-
tively cost-effective processing method (particularly in regard to equipment costs) as compared to
many other film deposition techniques [78,79]. Spray pyrolysis offers an extremely easy technique
for preparing films of any composition and does not require high-quality substrates, chemicals, expen-
Fig. 8. A schematic drawing of cold plasma.



Fig. 9. Schematic diagram of a chemical spray pyrolysis.
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sive vacuum apparatus and exotic gases. The spray pyrolysis system consists basically of an atomizer,
precursor solution, substrate heater, and temperature controller. Various types of atomizers are usu-
ally used in spray pyrolysis technique, such as air blast (the liquid is exposed to a stream of air) [80],
ultrasonic (ultrasonic frequencies produce the short wavelengths necessary for fine atomization) [80]
and electrostatic (the liquid is exposed to a high electric field) [80].

3.1.6. Inert gas phase condensation technique
The inert gas phase condensation (IGC) method (Fig. 10) is one of the most promising methods for

the production of low-cost NSMs. Generally, IGC method has been used to synthesize numerous single
phase metals, semiconductors and metal oxide nanoparticles. It is based on nanoparticles generated
by evaporation and condensation (nucleation and growth) in a sub-atmospheric inert-gas environ-
ment [81,82]. The generation of atoms clusters by IGC proceeds by evaporating a precursor material,
either a single component or a compound, in a gas maintained at a low pressure. The evaporated
atoms or molecules undergo a homogeneous condensation to form atom clusters (lose energy) via col-
lisions with gas atoms or molecules in the vicinity of a cold surface to condense on it.

3.1.7. Pulsed laser ablation
As a physical gas-phase method for preparing nanosized particles, pulsed laser ablation has become

a popular method to prepare high-purity and ultra-fine NSMs of any composition. In this method, the
material is evaporated using pulsed laser in a chamber filled with a known amount of a reagent gas
and by controlled condensation of nanoparticles onto the support. A schematic view of a pulsed laser
ablation for the synthesis of nanoparticles is shown in Fig. 11. As the material atoms diffuse from the
target to the substrate, they interact with the gas to form the desired compound (for example, oxide in
the case of oxygen, nitride for nitrogen or ammonia, carbide for methane, etc.). The pulsed laser vapor-
ization of metals in the chamber is a modification of the known method for the synthesis of metal
compounds in a diffusion cloud chamber and makes it possible to prepare nanoparticles of mixed
Fig. 10. Schematic diagram of IGC method.



Fig. 11. Schematic view of the pulsed laser ablation.
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molecular composition, such as mixed oxides/nitrides and carbides/nitrides or mixtures of oxides of
various metals. The elemental composition and size distribution of nanoparticles can be altered by
changing certain experimental parameters, including composition of the inert gas and the reagent
gas in the chamber and varying the temperature gradient and laser pulse power.
3.1.8. Sonochemical reduction
Sonochemical reduction is a most widely used physical technique for generation of different kinds

of NSMs. Fig. 12 shows the schematic diagram of the sonication system. In this equipment, a multi-
wave ultrasonic generator and a barium titanate oscillator of 65 mm diameter were used for the ultra-
sonic irradiation. During the microwave irradiation the vessel was closed. The multiwave ultrasonic
generators were operated at 200 kHz frequency with an input power of 200 W. The sonication process
was carried out in a temperature-controlled water bath.
3.2. Chemical methods

Chemical methods have played a major role in developing materials imparting technologically-
important properties through structuring the materials on the nanoscale. However, the primary
advantage of chemical processing is its versatility in designing and synthesizing new materials that
can be refined into the final end products. The secondary most advantage that the chemical processes
offer over physical methods is a good chemical homogeneity, as chemical method offers mixing at the
Fig. 12. Schematic view of the sonication system.
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molecular level [83]. On the other hand, chemical methods frequently involve toxic reagents and sol-
vents for the synthesis of NSMs [84]. In addition, another problem with the chemical methods is the
inevitable introduction of byproducts which require subsequent purification steps after the synthesis
(in other words, such a process is time consuming). Nevertheless, there are many chemical methods
used for the synthesis of 0D, 1D, 2D and 3D NSMs which will be described in more detail below.

3.2.1. Lyotropic liquid crystal templates
Lyotropic liquid crystal (LLC) templates, including hexagonal, bicontinuous cubic and lamellar

phases, have the potential advantage of producing materials with anisotropic morphologies and nano-
meter size dimensions with potential in applications, such as drug delivery, catalysis, and tissue engi-
neering [85]. The cross-linked poly(butadiene)-b-poly(ethylene oxide) gels in cubic, hexagonal, and
lamellar phases are mechanically and chemically stable [86]. LLC confines the reactants in the limited
dimension; and the structures of long-chain order affect the nucleation and growth processes of the
products, which could be applied to control the synthesis of the NSMs with the required porosity, mor-
phology, size, and orientation.

Based on previous reports, it is clear that LLC can be used as the perfect template for growing 0D,
1D, 2D and 3D NSMs. The advantage of the synthesis in LLC systems is that it is possible to have very
precise control over the nanostructure of the materials. It enables the synthesis of well-defined mate-
rials having a long range spatially and orientationally periodic distribution of uniformly sized, whose
nanostructures are casts of structures of the LLC phases, by exploiting the rich lyotropic polymor-
phism. Mountziaris’s group synthesized 0D, 1D and 2D semiconducting ZnSe nanostructures using cu-
bic, hexagonal and lamellar LLC phases as templates, respectively [87]. The shape and size of the
resulting nanostructures could be controlled by selecting the LLC phases as templates.

3.2.2. Electrochemical deposition
Electrodeposition is a process that uses electrical current to deposit a composite layer nanostruc-

ture-containing material onto a desired substrate. Basically this method involves the use of a two-
electrode or three-electrode electrochemical system. Recently, the electrochemical deposition tech-
niques vastly used by many researchers for the 0D, 1D, 2D and 3D NSMs [88–91]. Electrodeposition
of the 0D, 1D, 2D and 3D NSMs were carried out by using pulse electrodeposition (PE) in a three elec-
trode cell system. Fig. 13 shows the setup of an electrochemical deposition facility. As shown in Fig. 13,
a thin Pt wire, saturated calomel electrode (SCE) and sample, as counter, reference and working elec-
trodes, respectively, were used. In the PE, there are four operation parameters influencing the depos-
iting of nanoparticles on the substrate: The higher potential, the lower potential, the potential on time,
and the potential off time. By applying specific potential pulses with time interval for the total
experimental time, 0D, 1D, 2D and 3D NSMs were deposited on the working electrode. On the other
hand, in case of a two-electrode electrochemical system, we only used counter electrode and working
electrode.
Fig. 13. Schematic drawing of an electrodeposition setup.



736 J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803
3.2.3. Electroless deposition
Electroless plating is a well-established low-cost, non-hazardous chemical process, and also known

as a non-galvanic type of depositing technique that involves numerous simultaneous reactions in an
aqueous system. The electroless plating is carried out in absence of external electrical power. The reac-
tion is accomplished via released hydrogen, which acts as a reducing agent and is oxidized, thus pro-
ducing a negative charge on the surface of the substrate (Fig. 14).

For metal deposition
Rþ þ e! R
For oxidation
MþH2O! Ox þHþ þ e
3.2.4. Hydrothermal and solvothermal techniques
Conceptually, hydrothermal system can be defined as the use of water as reaction medium in a

sealed reaction container when the temperature is raised above 100 �C. Basically, it is used in the syn-
thesis of single crystals that depends on the solubility of minerals in hot water under high pressure.
The crystal growth is carried out in an autoclave, in which a nutrient is supplied along with water.
A temperature gradient is maintained at the opposite ends of the growth vessel so that the hotter
end dissolves the nutrient and the cooler end causes seeds to take additional growth. The hydrother-
mal technique is more suitable for better-quality and growth of larger crystals, while maintaining a
good control over their composition. A schematic diagram of a hydrothermal system is depicted in
Fig. 15. The disadvantages of the hydrothermal technique include the need of expensive autoclaves,
good quality seeds of a fair size and the impossibility of observing the crystal as it grows.

Solvothermal synthesis is a commonly used chemical method to prepare the different kinds of
NSMs, an experimental sketch is shown in Fig. 16. Solvothermal synthesis route is very similar to
the hydrothermal route (where the synthesis is conducted in a stainless steel autoclave), the only dif-
ference being that the precursor solution is usually not aqueous but this is not always. By changing
certain experimental parameters, including reaction temperature, reaction time, solvent type, surfac-
tant type, and precursor type, it is possible to precise control the size, shape distribution, and crystal-
linity of metal oxide nanoparticles or nanostructures that obtained.

3.2.5. Sol–gel technique
The sol–gel process (Fig. 17), also known as chemical solution deposition, is a wet chemical synthe-

sis approach that can be used to generate nanoparticles by gelation, precipitation, and hydrothermal
treatment [92]. The sol–gel method is widely used in the fields of materials and chemical science. Such
methods are used primarily for the fabrication of materials starting from a chemical solution (or sol)
that acts as the precursor for an integrated network (or gel) of either discrete particles or network
polymers. By changing certain experimental parameters including dopant introduction [93], heat
treatment [94] and properly choosing some other surfactants, including inverted micelles [95], poly-
mer matrix architecture based on block copolymers [96] or polymer blends [97], porous glasses [98]
Fig. 14. Schematic drawing of an electroless plating setup.



Fig. 15. Schematic experimental system for the hydrothermal fabrication of NSMs.

Fig. 16. Schematic drawing of solvothermal setup.

J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803 737
and ex situ particle capping [99], it is possible to control the better size distribution and stability con-
trol of quantum-confined semiconductors, metal, metal oxide nanoparticles. Despite the above, the
basic chemistry of the sol–gel process is complex due to the different reactivities of the network form-
ing and the network modifying components and the wide variety of reaction parameters [100].

3.2.6. Chemical vapor deposition
Chemical vapor deposition (CVD) is a chemical process in which gaseous molecules transform into

a solid material, in the form of 0D, 1D, 2D and 3D NSMs, on the surface of a substrate. In a typical CVD
process (Fig. 18), the substrate is exposed to one or more volatile precursors, which react and/or
decompose on the substrate surface to produce the desired deposit. A basic CVD process consists of
the following five steps:

(1) A predefined mix of reactant gases and diluent inert gases are placed into the chamber by the
mass flow controller at a specified flow rate.



Fig. 17. Basic scheme for the sol–gel process.

Fig. 18. Schematic diagram of the CVD experimental set-up.
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(2) The gas species move to the surface site.
(3) The reactants get adsorbed on the surface site.
(4) The reactants undergo chemical reactions with the substrate to form the NSMs.
(5) The gaseous reaction products are desorbed and evacuated from the chamber.

3.2.7. Laser chemical vapor deposition technique
In this technique, photoinduced processes are used to initiate the chemical reaction. During LCVD,

three kinds of activation should be considered. First, if the thermalization of the laser energy is faster
than the chemical reaction, pyrolytic and/or photothermal activation is responsible for the activation.
Secondly, if the first chemical reaction step is faster than the thermalization, photolytical (non-ther-
mal) processes are responsible for the excitation energy. Thirdly, combinations of the different types
of activation are often encountered.

In pyrolytic LCVD, the focused laser beam is used as a source of heat to induce the chemical reac-
tion leading to CVD. Pyrolytic LCVD process slightly depends on the laser beam wavelength (i.e., many
different sources can be used), and that high rates of deposition can be reached. In addition, localized
and small deposits can be simply achieved. As shown in Fig. 19, photolytic LCVD is based on the
photodecomposition of molecules near the substrate with subsequent deposition of the desired spe-
cies (selective excitation of precursor molecules), and laser beam is usually aligned parallel to the
substrate [101].



Fig. 19. Schematic of photolytic LCVD system.
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A combination of both techniques (pyrolytic + photolytic LCVD) is generally referred to as photo-
physical LCVD, and this type of activation make it possible to create the best of the advantages and
disadvantages of pyrolytic and photolytic LCVD. In this system, a twin beam (UV + longer wavelength)
or a single-beam (at intermediate wavelength) is used to activate the combined pyrolytic/photolytic
process.
3.2.8. Laser pyrolysis
Laser pyrolysis technique (Fig. 20) requires the presence in the reactive medium of a molecule

absorbing the CO2 laser radiation. In most cases, the atoms of a molecule are rapidly heated via vibra-
tional excitation and are dissociated. But in some cases, a sensitizer gas such as SF6 can be directly
used [102]. The heated gas molecules transfer their energy to the reactive medium by collisions lead-
ing to dissociation of the reactive medium without, in the ideal case, dissociation of this molecule. Ra-
pid thermalization occurs after dissociation of the reactants due to transfer collision. Nucleation and
growth of NSMs can take place in the as-formed supersaturated vapor. The nucleation and growth per-
iod is very short time (0.1–10 ms). Therefore, the growth is rapidly stopped as soon as the particles
leave the reaction zone. The flame-excited luminescent is observed in the reaction region where the
laser beam intersects the reactant gas stream. Since there is no interaction with any walls, the purity
of the desired products is limited by the purity of the reactants. However, because of the very limited
size of the reaction zone with a fast cooling rate, the powders obtained in this wallless reactor present
a low degree of agglomeration. The particle size is small (�5–50 nm range) with a narrow size distri-
bution. Moreover, the average size can be manipulated by optimizing the flow rate, and, therefore, the
residence time in the reaction zone.
Fig. 20. Schamatic diagram of a typical laser pyrolysis apparatus.
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4. Synthesis of 0D, 1D, 2D and 3D NSMs

4.1. Synthesis of 0D NSMs

4.1.1. Synthesis of 0D NSMs by physical processes
The thermal evaporation technique is the facile and most widely used technique for the synthesis

of 0D NSMs. More recently, Chang et al. employed the facile solid evaporation route to prepare the
tungsten trioxide nanoparticles in high yield [103]. Shen et al. used the thermal evaporation technique
to synthesize both core/shell Ge/SiO2 and Ge/CdS nanospheres [104]. These core/shell Ge/SiO2 and Ge/
CdS nanospheres were synthesized at 1250 �C. After the thermal evaporation technique, the sputtering
method is another most widely used technique for the synthesis of 0D NSMs. Suzuki et al. reported a
very clean method for synthesizing noble nanoparticles, such as Au, Ag, and Pt, in ionic liquids using a
sputter deposition technique without any additives [105–108]. Suzuki et al. also employed this sput-
tering method to prepare metal and hollow indium oxide nanoparticles [109]. Balasubramanian et al.
employed the magnetron plasma-sputtering and evaporation method to prepare TiO2-paraffin core–
shell nanoparticles on Si substrate [110]. But it’s difficult to control the size of nanoparticles by evap-
oration and sputtering method. Then, many researchers have focused on the lithographic technique
[111–114]. The lithographic technique is an inexpensive, inherently parallel, and high-throughput
technique capable of producing well-ordered nanoparticles. Hulteen et al. used the lithography pro-
cess to synthesize the size-tunable Ag nanoparticles [112]. Hu et al. made the uniform worm-shaped
polymeric nanoparticles by using the lithographic method [113]. Hung et al. used the lithographically
confined DNA origami to prepare the large-area spatially ordered arrays of gold nanoparticles [114].

The hot and cold plasma have received more attention over the last decade for the generation of 0D
NSMs such as nanospherical particles and quantum dots. Arc plasma is widely used hot plasma, which
offers unique advantages for instance high chemical reactivity, high enthalpy to enhance reaction
kinetics, oxidation and reduction atmospheres in accordance with required chemical reactions, and
quick quenching to produce chemical non-equilibrium materials [115]. Moreover, the unique attri-
butes of plasma provide a more promising solution. It is known that the arc plasma can reach a tem-
perature higher than 10,000 �C and therefore can melt all substances. It is also quite attractive as a
low-cost and semi-commercial-scale processing route when hydrogen is used to plasma [116–119].
Chen et al. used the arc plasma method to synthesize the tin oxide nanoparticles [120]. Ohno et al.
made precursory research in hydrogen plasma metal reaction and found that pure elemental nanopar-
ticles are produced for non-hydride formation elements, and hydride nanoparticles are usually ob-
tained for hydride formation elements [121–123]. Li et al. systematically investigated the complex
alloys and found that hydrogen plasma metal reaction is also available for alloy nanoparticles, but
composition and phase constituents of the nanoparticles are often different from the starting alloys
[124–127]. An arc-plasma method was used to synthesize Fe and composite Fe–TiN nanoparticles
and to study their effects of CO coadsorption on the hydrogen desorption [128]. A large amount of
hydrogen desorption was observed. On the other hand, rf cold plasma is a very convenient method
to synthesize NSMs and it is more effective in particle size and morphology control compared with
hot plasma. Addamo et al. employed the cold plasma such as microwave which was successfully used
to prepare TiO2 nanoparticles [129]. Irzh et al. reported a new method to synthesize ZnO and/or Zn
nanoparticles on the glass quadratic slides by microwave plasma whose electrons are the reducing
agents [130]. They observed that the ZnO and/or Zn particles have the size in the range of a few
micrometers to �20 nm. The size of the nanoparticles can be controlled by the type of the precursor
and its concentration. The rf thermal plasmas supply conditions such as very high temperature, inten-
sive heat and mass transfer conditions, and very rapid cooling of reaction products which are favorable
for the synthesis of nanosized particles. Feczko et al. used the rf thermal plasmas to prepare the Ni–Zn
ferrite nanoparticles and to purify histidine-tagged proteins [131]. More recently, Huang et al. [132]
used the ultrasonic spray pyrolysis process to synthesize the porous Bi2WO6 microsphere. In a typical
synthesis of porous Bi2WO6 microsphere, bismuth citrate and tungstic acid are used as precursors in
an aqueous solution. The obtained porous microspheres have a higher crystallinity. The formation of
the porous structure in the as-synthesized microspheres can be attributed to the presence of citrate
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anions and in situ produced carbon residues that can work as capping agents and templates, respec-
tively. However, the IGC technique is also used for the synthesis of 0D NSMs [133]. In 2006, Song et al.
[134] prepared the pure rare-earth metals by an inert gas phase condensation technique. The produc-
tion of the final products will depend on the evaporation parameters. For instance, in highly purified
Ar gas at low pressure (10�1 Torr), the average size of the nanoparticles could be optimized in the
range of 20–80 nm when the voltage is applied between 10 and 20 V. The input current and evapora-
tion time are ranging between 80–200 A and 0.5–3 h, respectively. Pulsed laser ablation [135,136] is
one of the most versatile techniques to grow 0D NSMs such as core/shell nanoparticles [137,138]. In
addition, a pulsed laser ablation system can be facilely controlled. Zeng et al. [137] synthesized the
Zn–ZnO core/shell nanoparticles by pulsed laser ablation in liquid medium. When the concentration
of surfactant is higher than critical micelle concentration, the ZnO nanoparticles changed to a Zn–
ZnO core/shell structure. Umezu et al. [138] fabricated the core–shell structured silicon nanoparticles
via pulsed laser ablation. In a synthesis of core–shell structured silicon nanoparticles, first the vacuum
chamber is evacuated to less than 1.0 � 10�5 Pa, and then high-purity nitrogen gas is flowed into a
chamber. Next, a pulsed laser beam is focused onto a Si target. The gap between the target and the
substrate is �23 mm. The diameter of core is �8 nm and thickness of shell is �3 nm. Sonochemical
reduction has become an important process in chemical field in recent years. It causes the formation
of particles with a much smaller size and higher surface area [139–142]. Kumar et al. [143] synthe-
sized the Au–Ru bimetallic nanoparticles via co-reduction and sequential sonochemical reduction of
Au(III) and Ru(III) ions. The average diameter of Au–Ru bimetallic nanoparticles increased with respect
to the increase of the Ru molar ratio. In the same year, Atobe et al. [142] reported the synthesis of poly-
pyrrole-encapsulated platinum nanoparticles (PPy/Pt-NPs) by an easy single-step sonochemical
reduction. They also reported that the polypyrrole (PPy) covers on the nanoparticles were able to work
as a filter for substrate molecules, and thus the substrate selectivity could be controlled in the catalytic
processes. Based on the above literature review, we conclude that the sonochemical reduction tech-
nique has an advantage over other preparation methods due to the unusual experimental conditions
generated during acoustic cavitation [143,144]. Thus, the physical method provides a convenient and
universal way to obtain nanoparticles with controllable microstructure.

4.1.2. Synthesis of 0D NSMs by chemical processes
The template based method is most widely used to synthesize the 0D NSMs such as core–shell,

quantum dots, and hollow sphere nanoparticles [20,145–148]. Recently, Nash et al. reported a tem-
plate method for synthesizing the temperature-responsive c-Fe2O3-core/Au-shell nanoparticles
[145]. For the synthesis of c-Fe2O3-core/Au-shell nanoparticles, they were using the ‘‘smart’’ diblock
copolymer micelles as template. The amphiphilic diblock copolymer chains were synthesized using
reversible addition–fragmentation chain-transfer with a thermally responsive ‘‘smart’’ poly(N-isopro-
pylacrylamide) block. An amine-containing poly(N,N-dimethylaminoethylacrylamide) block can act as
a reducing agent during gold shell formation. Li et al. reported template-based synthesis of homoge-
neous hollow core–shell ferrite (MFe2O4, M = Zn, Co, Ni, Cd) [146]. In their report, they synthesized
hollow core–shell nanoparticles of spinel ferrites (MFe2O4, M = Zn, Co, Ni, Cd) via carbonaceous sac-
charide microspheres as template. By adjusting the concentration of metal salts, it was possible to
manipulate the core size and shell thickness of hollow spheres. Kim et al. applied the template method
to prepare the CdSe quantum dots [20]. For the synthesis of CdSe quantum dots, they applied a mes-
oporous silica thin film template, whose pore structure is composed of �8 nm sized vertical channels
in a hexagonal symmetry on the graphene surface, as a nanoporous mask. The nanochannels exert
resistance against the diffusion of electrolytes and, thus, function as a potential-equalizer to suppress
the preference for the edge and defect sites. They were able to form CdSe quantum dots into a hexag-
onal array structure by electrochemically deposited CdSe particles into the pores of the mesoporous
silica film template.

Nowadays, the LLC template approach is one of the most popular techniques for the synthesis the
0D NSMs. Ding and Gin [147] reported a new strategy for synthesizing Pd nanoparticles with both
good stability and catalytic activity by using a cross-linked LLC assembly as an organic template. In
addition, Yamauchi et al. [148] was using different reducing agents (in order to control both the for-
mation of reaction nuclei and the subsequent deposition of the Ni metal) to synthesis the highly
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ordered mesoporous Ni particles. During the preparation of nanoparticles, it is important to identify
suitable reducing agents (or combinations of reducing agents) which can control both the formation
of metal nuclei and the growth to preserve the well ordered LLC structures in deposited metal.

One-step electrodeposition synthesis of 0D NSMs has attracted much attention over the past dec-
ade [149–151]. Saez et al. [149] use a three-electrode electrochemical cell to deposit the iron nanopar-
ticles onto the boron-doped diamond substarte. 1 M NH4F aqueous solution is used for deposition of
iron nanoparticles. They also reported that the deposition rate of iron nanoparticles is mainly affected
by concentration, deposition time, and deposition potential. Day et al. [150] also deposit the metal (Pd
and Pt) nanoparticles on networks of pristine single walled carbon nanotubes (SWNTs). In addition,
they systematically investigated the effect of electrode potential and deposition time on the nanopar-
ticle formation process. They found that the short deposition times and high driving forces favoring
the formation of ultra-small particles. Tang et al. [151] prepared the silver nanoparticles on dielectric
silica spheres via a facile and one-step electrodeposition method. Under optimized conditions, silver
nanoparticles with sizes of 8–10 nm in diameter can be deposited onto the colloidal silica spheres.
Electroless plating methods have also been employed to prepare the 0D NSMs [152,153]. For instance,
Dryfe et al. [152] used the electroless plating method to deposit the Pd nanoparticles at the bare
water/1,2-dichloroethane interface, and for the ‘‘templated’’ deposition of Pd within the 100 nm diam-
eter pores of c-alumina membranes. Later, Chang et al. [153] used a low cost electroless nickel plating
process to produce magnetic nickel–tungsten–phosphorus mesoparticles with diameters ranging be-
tween 100 and 500 nm on silica templates of �102 nm and gold templates of �3 nm. Nowadays, the
hydrothermal process is one of the most convenient methods for fabricating NSMs [154–156]. For
example, Vu et al. [154] fabricate the CuO, Al2O3, Ag2O and La2O3 doped on SnO2 nanoparticles by a
hydrothermal route at 200 �C for 3 h. The particles obtained have a mean diameter ranging between
6 and 8 nm. More recently, Outokesh et al. [155] prepared the CuO nanoparticles by hydrothermal
process. They also optimized the experimental conditions to achieve the high yields, high-purity,
and small size of the nanoparticles, that is obtained at temperature = 500 �C, time = 2 h,
[Cu(NO3)2] = 0.1 mol dm�3, and pH = 3. Hydrothermal chemical deposits can be classified as one of
categories of the solvothermal chemical deposits. The solvothermal process is a simple, one-step
method avoiding the use of expensive chemicals in which nanoparticles can be obtained without cal-
cination [157–160]. Zawadzk [159] synthesized ceria nanoparticles by microwave-assisted solvother-
mal process under mild conditions of temperature and pressure. For the synthesis of ceria
nanoparticles, a diethylene glycol solution containing metal nitrate and hexamine as precipitating
agent was used. The obtained powder is sphere-like with an average particle size of �3 nm. Hosokawa
et al. [160] fabricated the rare earth iron-mixed oxide nanoparticles by solvothermal reactions of
Yb(OAc)3 and Fe(acac)3, Yb(OAc) and FeCl3, and YbCl3 and FeCl3. They also found the starting materi-
als, solvents, and amine additives which greatly affect the size of nanoparticles. The sizes of o-YbFeO3

acquired by using reaction in 1,5-pentanediol and 1,6-hexanediol are �59 nm and �49 nm, respec-
tively, which are smaller than that obtained in 1,4-butanediol (�76 nm). Very recently, Yamauchi
et al. [161] prepared Ni–Co (core–shell) nanoparticles via sol–gel process. In a typical synthesis, first
nickel(II) acetate and cobalt(II) formate complexes are used with a oleylamine in a one-pot reaction
under microwave irradiation. The Ni–Co (core–shell) nanoparticles are obtained at �498 K through
the redox reaction between oleylamine and Ni2+ in a mixture of nickel(II) acetate and cobalt(II) for-
mate complexes with oleylamine. The Ni–Co (core–shell) nanoparticles with an average size of
�71.0 nm are consisted of a Ni core with a diameter of �46.9 nm, and Co shell with thickness
�10.0 nm. Recently, researchers are using a modified CVD technique for the fabrication of 0D NSMs
[162–165]. Palgrave and Parkin [162] used aerosol assisted CVD technique to fabricate the Au nano-
particles on glass substrate. Toluene is used as a precursor to deposit gold nanoparticles onto glass.
The sizes of Au nanopartices are �100 nm. Boyd et al. [165] developed a new CVD process that can
be used to selectively deposit materials of many different types. In this technique, they used the plas-
mon resonance in nanoscale structures to create the local heating, which is crucial in order to initiate
deposition when illuminated by a focused low-power laser [165]. Elihn et al. [166] synthesized the
iron nanoparticles enclosed in carbon shells by laser-assisted chemical vapor decomposition (LCVD)
of ferrocene (Fe(C5H5)2) vapor in the presence of the Ar gas. The inner part of a thin carbon shell on
the iron core is indicated as a graphitic layer, whereas the outer part of the shell is composed of
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amorphous carbon. Domingo et al. [167] fabricated the Au nanoparticles by LCVD on glass and CaF2

substrates and their potential for providing enhanced Raman and infrared spectra has been investi-
gated by using one of the dithiocarbamate fungicides, thiram, as a test molecule. Au nanoparticles
are prepared on chamber with pressure of �5 � 10�6 mbar, using an ArF excimer laser operating at
20 Hz. However, development of laser pyrolysis process will open up possibilities in terms of control-
ling particle-growth mechanisms, i.e. the possibility to optimize the experimental conditions (dura-
tion, temperature), in order to control the final shape and composition (grain size, crystalline phase,
stoichiometry) of the 0D NSMs [162–171]. Dumitrache et al. [168] synthesized the iron-based core–
shell nanostructures via laser pyrolysis. In a typical synthesis of iron-based core–shell nanostructures,
first by using a cross-flow configuration, the laser radiation is heating a gas phase mixture containing
iron pentacarbonyl (vapors) entrained via an ethylene flow. Second, in situ passivation of the pyro-
phoric iron nanoparticles is done by controlled oxidation process. The diameter of iron-based core–
shell nanoparticles is �22 nm. Pignon et al. [171] prepared the TiO2 nanoparticles by laser pyrolysis,
with the use of an aerosol of TTIP (titanium tetraisopropoxide) as the main precursor sensitized by
C2H4. The TiO2 nanoparticles had the average diameter in the range from 8 nm to 20 nm. Thus, laser
pyrolysis is used to make the different type of 0D NSMs.
4.2. Synthesis of 1D NSMs

4.2.1. Synthesis of 1D NSMs by physical processes
Recently, 1D NSMs such as nanorods, nanowires, and nanotubes have been the focus of materials

research because of their unique material properties and their potential applications in EEDs such as
fuel cells, batteries and supercapacitors. Although many methods have been developed to fabricate 1D
NSMs, the development of practical, facile, simple, low-cost and high-yield methods for fabricating
large numbers of 1D NSMs is still a great challenge. Physical techniques, particularly thermal evapo-
ration and sputtering techniques have been regarded as an effective way to fabricate high-quality 1D
NSMs. For instance, Pan et al. [172] fabricated uniform Si–CdSSe core/shell nanowires on Au coated
quartz using multisource thermal evaporation route. For the synthesis of Si–CdSSe core/shell nano-
wires, a piece of cleaned silicon wafer was placed at the center of a quartz tube chamber, which
was inserted into a horizontal tube furnace. Then, some CdS and CdSe powders with a defined molar
ratio were loaded into a ceramic boat. The distances from the CdS powder and the CdSe powder to the
center of the furnace are �8 and �6 cm, respectively. Au coated quartz used as a substrate was put
downstream in the gas flow. The tube chamber was evacuated and back-flushed with Ar gas until
the desired pressure of 100 mbar was reached. A constant flow of argon of 50 sccm was used. The
chamber temperature and heating rate were 1080 �C and 40 �C min�1, and maintained for �60 min.
After the growth, the furnace was allowed to ramp down to room temperature. Due to the tempera-
ture gradient, the temperature at the substrate was measured as �600 �C, and the temperature at the
CdS powder, the CdSe powder, and the silicon piece, are 650, 750, and 1080 �C, respectively. The Si–
CdSSe core/shell nanowires have diameters of about several tens of nanometers, and length of several
tens of micrometers. The Si–CdSSe core/shell nanowires have uniform radial size with a diameter of
�50 nm.

More recently, Sen et al. [173] used a sequential thermal evaporator to fabricate the SnO2:W18O49

heterostructure nanowires. In their experiment, the synthesis of SnO2:W18O49 hierarchical hetero-
structures was carried out using a simple two-step thermal evaporation process. In the first step,
SnO2 nanowires were grown by thermal evaporation of Sn in a horizontal tubular furnace. In the sec-
ond step, tungsten oxide nanowires were grown on SnO2 nanowires by thermal evaporation of tung-
sten in a vacuum deposition chamber (pressure of 2.5 � 10�4 mbar). A collection of SnO2 nanowires
was placed at a distance of �2 cm from tungsten filament and the chamber was evacuated to
2 � 10�5 mbar. The depositions were carried out at temperature of �1965 �C for 30 min. The pressure
inside the chamber was maintained by flow of air through a needle valve. The deposition occurs by
slow oxidation of tungsten filament followed by evaporation, as oxides of tungsten are volatile. They
have also shown that the density of W18O49 nanowires depend on partial pressure of O2 and
temperature.
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Cao et al. [36] used magnetron sputtering to fabricate the unilateral feather-like boron nanowires
structured in multiple T- and/or Y-junctions which self-organize into well-ordered arrays. In a typical
synthesis of T- or Y-junction boron nanofeathers/Si, a highly pure boron and boron oxide was used.
Argon is also used as an inerting gas in the system. During sputtering, the temperature around the
substrate was kept at 800–900 �C, and the pressure was kept constant at 2 Pa in an Ar gas flow. The
rf sputtering power was 80 W. After 4–6 h deposition, the substrate surface was covered with a boron
nanowire film. Fig. 21 shows the SEM images of the resulting products. The diameters of the boron
nanowire arms range from 20 to 40 nm, whereas the stems are much thicker (60–100 nm).

Fan et al. [174] fabricated the well-ordered CuO nanowires by direct oxidation of sputter-deposited
Cu3N film at 300 �C for 90 min. Cu3N film was prepared on glass substrates at room temperature. The
CuO nanoarrays are vertical to the substrate with a diameter of �20 nm and a length of �0.6 lm. The
vapor–solid (VS) growth mechanisms are involved in the formation of CuO nanoarrays. According to
VS growth mechanisms, the combined action of the self-catalytic effect of the decomposed Cu, the
strain effect, and the template effect provided by the columnar structure of the Cu3N film promote
the growth of well-ordered CuO nanowires.

Yan et al. [175] fabricated Pt nanowire arrays on planar oxide surfaces by combining sub-litho-
graphic nanofabrication and nanoimprint technology. The dimensions of the nanowire arrays were
uniform and controllable with nanometer precision. The size of a single Pt nanowire was
12 lm � 20 nm � 5 nm. On a 5 � 5 cm2 substrate this was equivalent to 8 � 108 nanowires. The resul-
tant total exposed metal surface area was larger than 2 cm2. Recently, Park et al. [35] used a laser
interference lithography and shadow lithography to fabricate the metallic nanowires and nanorib-
bons. In a typical fabrication of metallic nanowires and nanoribbons, first, a contact mask is fabricated
with a photosensitive material, photoresist, by using two-beam laser holography. Then metal is coated
by physical vapor deposition using shadow edge lithography either in single-or multi-stage deposi-
tions. Nanowires are defined in this paper as straight as-deposited, whereas nanoribbons are broken
Fig. 21. Multiple Y- and/or T-junction boron nanofeather arrays. (A) Low- and (B) high-magnification SEM images. (C) Side-
view SEM image. (D) Cross-sectional SEM image. Reprinted from Ref. [36] with permission of IOP Publishing Ltd.



Fig. 22. (A) SEM image of 50 nm Al deposited at normal incidence on 250 nm wide, (B) Al wires of width 250 nm and 50 nm
thick on indium tin oxide glass substrate, (C) 100 nm Ti deposited with 15� tilted angle from normal direction, and (D) Curled Ti
nanoribbons collected by dispensing a few drops of IPA containing nanoribbons on a flat substrate. Reprinted from Ref. [35]
with permission of IOP Publishing Ltd.
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and curved as compared to their configuration during growth. Fig. 22A shows the SEM image of 50 nm
Al deposited at normal incidence on 250 nm wide photoresist bars with 550 nm period. Fig. 22B shows
the Al wires of width 250 nm and 50 nm thick on indium tin oxide glass substrate after removal of
photoresist. Fig. 22C shows 100 nm Ti deposited with 15� tilted from the normal direction. Curled
nanoribbons as shown in Fig. 22D are collected by dispensing a few drops of IPA containing nanorib-
bons on a flat substrate and vacuum-assisted drying. They also found that the dimensions of the nano-
wires can be controlled by adjustment of deposition conditions and polymer templates. Long
nanowires and nanoribbons were made with this method.

Liu et al. [176] used a hot plasma (such as hydrogen arc discharge) method to prepare the double-
walled carbon nanotubes (DWNTs) with high thermal stability. In a synthesis of DWNTs, first a cylin-
der-shaped reactor chamber with a diameter of 600 mm and height of 400 mm was used. The anode
and cathode were made of graphite rod and big rotatable graphite cylinder with eight holes. A rotat-
able graphite cylinder was filled with the mixture of catalyst precursors, sulfide and carbon feedstock.
The distance between the two electrodes is�4 mm. The electric arc was operated in a dc mode at 120–
300 A and a hydrogen atmosphere of 32 kPa pressure. Their results indicated that the arc current and
molar content of nickel formate dihydrate are influenced on the growth of DWNTs. Another feature of
hydrogen arc discharge is that the diameter distribution (1.98–3.47 nm) of the DWNTs is much nar-
rower than those (usually 1.5–5.5 nm) reported using conventional arc discharge technique.

Ha et al. [177] synthesized high-purity DWNTs by an arc-discharge method in hydrogen ambient
gas. The DWNTs were synthesized using a mixture of Fe catalyst and FeS promoter in a stainless steel
chamber. The experimental setup for the synthesis of DWNTs is the same as a Liu et al. apparatus
[176]. A 1 mm gap is maintained between the two electrodes to create arc plasma. Hydrogen was used
as a buffer gas. Pressure and discharge current was used at various ranges from 250 to 450 Torr and 30
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to 70 A, respectively. The time period of arc-discharge process was 20 min. Finally, the purified
DWNTs were collected by filtration and washed with DI-water several times. They also showed that
the purified DWNTs have very good field emission properties. The emission current density of DWNTs
reaches �10 mA cm�2 at an applied field of �6.5 V lm�1.

Peng et al. [178] used cold plasma system (rf thermal plasma system) to synthesize large quantities
of zinc oxide nanorods. For zinc oxide nanorods fabrication, the starting powders of zinc, zinc oxide
and basic carbonate of zinc were supplied into the plasma flame by the carrying gas in a continuous
way and then underwent vaporization, crystallization, and growth processes following the flowing gas
in the reactor chamber; lastly, rodlike crystals were obtained. The following synthesis conditions are
applied for fabrication of zinc oxide nanorods: center gas, argon 1.0 m3 h�1 sheath gas, nitrogen
5.0 m3 h�1 carrier gas, nitrogen 150 L h�1 oxidative gas, oxygen 0.5–50 L min�1 powder feeding rate
10–60 g min�1. The final products were collected at the bottom of the collector. Hence, hot and cold
plasma is worthy noting that the productivity is higher than those prepared by other methods or
routes.

The spray pyrolysis synthesis method is relatively ‘‘environmentally’’ friendly, scalable, inexpen-
sive, and can be applied to a variety of different substrates. Kamalakaran et al. [179] synthesized
the thick and crystalline carbon nanotube arrays by spray pyrolysis. In a typical procedure, the exper-
imental setup consists of a Pyrex nozzle attached at one end to a container used for storing and releas-
ing ferrocene/benzene solutions. During spraying, Ar gas was used to exert the pressure on the
solution in order to regulate the liquid flow directed to the nozzle. Then, a reaction tube was placed
in a preheated furnace. The spraying time lasted between 5 and 15 min, depending on the volume
of the reacting solution and the Ar flow rate. Finally, in order to anneal the products, the furnace
was maintained at the set temperature for additional 15 min. Diameter of synthesized nanotubes is
�100–250 nm. Recently, Breedon et al. [180] fabricated the interconnected ZnO nanostructured arrays
onto glass substrates by using a spray pyrolysis deposited ZnO seed layers as a nucleation platform for
subsequent hydrothermal growth. The two steps involved in a typical synthesis of interconnected ZnO
nanostructred arrays. First, the deposition of a ZnO seed layers via spray pyrolysis for the formats an
angular seed layer. Second, the subsequent hydrothermal growth step by Kamalakaran et al. [179]
modified the method [181]. They also reported that the growth of interconnected ZnO nanowires
was influenced by the physical and crystallographic orientations of the underlying seed crystallites.
For instance, sputtered seed layers resulted in fairly vertical nanorods which were �80 nm in width,
while seed layers deposited by spray pyrolysis resulted in arrays of interconnected ZnO nanowires
measuring �15 nm in width (Fig. 23). From above results, we can say that the spray pyrolysis method
provides a facile way to synthesize one-dimensional nanostructures of ZnO and other materials.

The IGC method has several advantages such as high quality and purity due to gas phase reaction in
an inert gas, and high quality crystalline structure due to particle formation in a quasi-thermal equi-
librium state. Therefore, the IGC is a useful technique for fabricating 1D NSMs. Recently, Al-Sharab
et al. [182] synthesized the tungsten oxide (WO2.9) nanofibers via IGC process. In IGC, the powder
is evaporated in a low-pressure vacuum chamber, and the vaporized species are collected on a
water-cooled chill substrate. Nanofibers are deposited at different positions on the chill substrate,
whereas elongated nanofibers are prevalent on sections of the chill substrate nearest to the evapora-
tive source. The length and diameter of fibers are �400 nm and �30 nm, respectively. In some cases,
small twins are observed in fibers with diameters >25 nm. To summarize the results given, we can say
that the IGC technique is an efficient method to fabricate the 1D NSMs. Pulse laser ablation is also a
simple method and has been widely used for the synthesis of 1D NSMs such as nanowires and nano-
tubes. Hu et al. have used the simple laser ablation method to fabricate the 1D b-Ga2O3 nanowires
[183]. To fabricate b-Ga2O3 nanowires, first a Ga2O3 target was located at the center of the quartz tube,
and an alumina substrate was placed downstream of the target. The quartz tube was located inside the
furnace. Then, the system was evacuated by a rotary pump to create a pressure of �3 � 10�2 Torr. Fur-
ther, carrier gas of high-purity (Ar + 5% hydrogen) was kept flowing through the tube at a rate of
50 sccm and a pressure of 350 Torr in the tube. The beam of a KrF excimer laser with a wavelength
of 248 nm and a repetition rate of 10 Hz was then used to ablate the target at 800 �C temperature.
The laser power was 350 mJ per pulse with pulse duration of 34 ns. The laser spot size on the target
is �1 � 3 mm2. The total time of the ablation was 5 h. The temperature, pressure, and the carrier gas



Fig. 23. SEM images of an interconnected ZnO nanowire: (A) plan-view, (B) at 45� rotation, and (C) high-magnification SEM
picture of the nanowires bundled along their non-polar facets. Reprinted from Ref. [180] with permission of Elsevier.

Fig. 24. SEM pictures of ZnO nanorods on sapphire substrate (A) and SiO2 substrate (B) heated to 700 �C. O2 gas pressure was
�5 Torr. Reprinted from Ref. [32] with permission of Japan Society of Applied Physics.
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flow rate were kept constant during the ablation process. After ablation, the furnace was cooled to
room temperature; the resulting products were collected from the alumina substrate. The as-synthe-
sized nanowires have diameters of 15–50 nm and lengths up to several micrometers. Later Okada et al.
[32] also used the pulse laser ablation to fabricate the ZnO nanorods in the presence of He and O2 gas.
In their typical experiment, a pure metal Zn target was ablated using a KrF excimer laser with a fluence
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of �3 J cm�2 at a pulse frequency of 20 Hz. Large quantities of ZnO nanorods are synthesized at a high-
er gas pressure and temperature on a sapphire or a SiO2 substrate. Fig. 24A and B shows the SEM
images of ZnO nanorods on a sapphire and SiO2 substrate. ZnO nanorods with a size in the range from
200 to 300 nm, which had a hexagonal pyramidal top surface, were grown. On the other hand, in case
of SiO2 substrate, hexagonal ZnO nanorods with a size of �1 mm were grown.

The sonochemical method has been widely explored to generate 1D NSMs such as nanorods and
nanotubes [184]. For example, Xiu et al. [185] fabricated the PbS nanorods via sonochemical method
in the presence of PEG (polyethylene glycol-6000). For the synthesis of PbS nanorods, first 0.01 mol -
lead nitrate, 0.015 mol thioacetamide and 2 g polyethylene glycol-6000 were mixed in 80 mL DI
water. The sonication was then conducted without cooling so that a temperature of about 343 K
was reached at the end of the reaction. The obtained products were filtered, washed several times with
DI water and ethanol and subsequently vacuum dried at 80 �C for 3 h. The diameters and lengths of
synthesized PbS nanorods are 20–60 nm and 1–2 lm, respectively. They also noticed that PEG and
sonication time playss a key role in the formation of PbS nanorods. Recently, Guo et al. [186] fabricated
the mesoporous TiO2 nanorods via a sonochemical route. Typical synthesis of mesoporous TiO2 nano-
rods was carried out at normal atmospheric pressure and relatively low temperature of 70 �C. First,
0.5 g bulk Ti powder was mixed into a 250 mL beaker with 100 mL 10 M NaOH aqueous solution. After
sonicating for 24 h, the precipitate was washed to neutral by DI water, and poured in 0.1 M HNO3

aqueous solution for 24 h, then washed by DI water and ethanol. Finally, the precipitate was dried
in an oven at 80 �C for 12 h, further annealing at 450 �C in air for 1 h to get the final product.
Fig. 25 shows the SEM and TEM images of resulting products. As shown in SEM and TEM images,
the width and length of nanorods are 8–12 nm and 15–100 nm, respectively. High-resolution trans-
Fig. 25. (A) SEM image and (B) TEM image of TiO2 nanorods. (C) HRTEM image of TiO2 nanorods; inset show the FFT of the
selected-area marked in the HR image. Reprinted from Ref. [186] with permission of Elsevier.
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mission electron microscope (HRTEM) image suggests the development of a well-defined crystalline
structure of TiO2 nanorods. The spacing of the lattice fringes is found to be �0.35 and �0.38 nm,
respectively. The fast Fourier transform (FFT) pattern (inset Fig. 25C) can be indexed to the (101)
and (100) diffraction planes of the hexagonal structure of anatase.

Consequently, we can say that the physical approach provides significantly more flexibility in pro-
cessing to allow the preparation of 1D NSMs.
4.2.2. Synthesis of 1D NSMs by chemical processes
LLC template-assisted synthesis is one of the most facile and most applied methods for the synthe-

sis of 1D NSMs such as nanowires, nanorods, nanotubes, nanobelts, nanoribbons, and nanospindles
[187–191]. For instance, Huang et al. [31] used the LLC template-electrodeposition to fabricate the
Cu2O nanowires with diameter of 25–100 nm. The two steps involved in the fabrication of the Ag
nanowires. First, they prepared the reverse hexagonal liquid crystalline phase. To prepare the liquid
crystal, AOT was dissolved in p-xylene. To this solution, 0.1 M CuCl2 aqueous solutions were added
drop-wise with stirring. The mixture was stirred for 1 h to give a clear viscous liquid at room temper-
ature. In second step, they formed the CuO2 nanowire via electrodeposition. During electrodeposition,
constant potential of �1.1 V was applied across the two electrodes for a period of time with a current
density of 200–400 lA cm�2. After electrodeposition, the nanowire deposit on the substrate was thor-
oughly washed with ethanol to remove the LLC phase. The diameter and length of nanowires increases
with decreasing time.

Later, Kijima et al. [191] fabricated the platinum, palladium, and silver nanotubes, with inner diam-
eters of 3–4 nm and outer diameters of 6–7 nm, by the reduction of metal salts confined to lyotropic
mixed LCs of two different sized surfactants. In a typical synthesis process, the liquid crystalline phase
of hexachloroplatinic acid, nonaethylene glycol monododecyl ether, polyoxyethylene (20) sorbitan
monostearate and H2O is at a molar ratio of 1:1:1:60. Next, an excess amount of hydrazine was added
to the cooled pasty material and then kept at that temperature for 24 h. The resulting product was
separated, washed with DI water and ethanol prior to drying in air. Similar syntheses by using
Pd(NO3)2, or AgNO3, and SDS, in place of H2PtCl6 and C12EO9 were carried out to achieve palladium
and silver nanotubes. It is well known that the uniform and consistently sized metal nanotubes are
promising for potential applications as electrodes in batteries and fuel cells, and environmental cata-
lysts. From above results we can say that the LLC template-assisted methods are fast, inexpensive,
reproducible, and potentially versatile for the fabrication of 1D NSMs.

Electrodeposition processes have a wide range of advantages such as low cost, environmentally
friendly, low energy consumption, high growth rate at relatively low temperatures and good control
of the deposition thickness, shape and size. Basically, there are two ways to produce the 1D NSMs
through the electrodeposition method. First is the template-assisted electrodeposition, where the
1D anisotropic growth is realized by using various templates to confine the growth space of the elec-
trodeposits. For example, recently several groups are applying the template method pattern to fabri-
cate the 1D NSMs such as nanotubes, nanowires and nanorods [192–195]. More recently, Xia et al. [33]
fabricate the MnO2 nanotube and nanowire arrays via an electrochemical deposition technique using
porous alumina templates. In a typical synthesis of MnO2 nanotube and nanowire arrays, a solution
with 0.1 mole manganese sulfate and 0.1 mole sodium sulfate was used as the electrolyte. Anodic alu-
minum oxide (AAO) membranes were used as the templates. To prepare the working electrode, a thin
layer of Pt was sputtered on one side of the alumina membrane using a sputter system. The electro-
chemical system is consisted of a working electrode, a carbon rod counter electrode, and an Ag/AgCl
reference electrode. Electrochemical deposition of MnO2 was carried out by galvanostatic technique
(current density = 2 mA cm�2). A period of 10 min and 60 min was used for synthesis of MnO2 nano-
tube and nanowire arrays. After electrochemical deposition, the samples were dipped in a 1 M KOH
solution overnight to remove the AAO template. Fig. 26 shows the SEM pictures of MnO2 nanotube
arrays and MnO2 nanowire arrays after removal of the template. The cross-sectional view of MnO2

nanotubes shows that the length of nanotube is �2 lm, as shown in Fig. 26C. The morphology of
the nanotublar nanostructure changes to a wire-like form during prolonged electrochemical deposi-
tion (Fig. 26D and E). The cross-sectional view of the MnO2 nanowire arrays show that the length



Fig. 26. (A and B) plan-view SEM images of MnO2 nanotube arrays; (C) cross-section view of MnO2 nanotube arrays; (D and E)
plan-view SEM images of MnO2 nanowire arrays; (F) cross-section view of MnO2 nanowire arrays. Reprinted from Ref. [33] with
permission of Elsevier.
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of MnO2 nanowire is�10 lm (Fig. 26F). They also report that the MnO2 nanotube array electrode has a
superior capacitive behavior to that of the MnO2 nanowire array.

The second method is by using template-free electrodeposition, where the 1D anisotropic growth is
achieved by utilizing the intrinsic anisotropic crystallographic structure of a targeted material
[34,196]. However, only a few 1D NSMs have been made by the template-free electrodeposition. More
recently, Li et al. [34] used the electrodeposition process to fabricate the polyaniline nanobelts. In a
typical synthesis of polyaniline nanobelts, first, 0.1 mole aniline was used as the electrolyte. Then
the electrodeposition of polyaniline nanobelts were carried out by HDV-7C transistor potentiostatic
apparatus connected to a three-electrode electrochemical cell system. The three-electrode electro-
chemical system contains Ti sheet as a working electrode, graphite rod as the counter electrode,
and a saturated calomel electrode as the reference electrode that was connected to the cell with a dou-
ble salt bridge system. The electrodeposition was carried out by galvanostatic method with cathodic
Fig. 27. Typical (A) low- and (B) high-magnification plan-view SEM images of polyaniline nanobelts. Reprinted from Ref. [34]
with permission of ACS Publishers.



J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803 751
current density of 1.0 mA cm�2 for 12 h at 70 �C. Fig. 27 shows the SEM images of the resulting prod-
ucts. The average width and thickness of polyaniline nanobelts are �2 lm and �50 nm, respectively.
The length of polyaniline nanobelts is �20 lm. They also had shown that the polyaniline nanobelts
have a high specific capacitance value of 873 F g�1 at 10 mV s�1, which is much bigger than that of
polyaniline nanospheres.

Similar to electrodeposition process, the electroless deposition technique is also used for the syn-
thesis of the 1D NSMs [197–200]. For example, Muench et al. [199] fabricated the Au nanotubes by
electroless deposition in the presence of powerful reagent. For the synthesis of Au nanotubes, 4-
(dimethylamino) pyridine (DMAP) was used to adjust the electroless deposition by interfering with
the auto-catalytically active Au surface. The pH value and DMAP concentration are adjusted to pro-
duce the wide range of products. Fig. 28 shows SEM images of Au nanostructures obtained after addi-
tion of various DMAP concentrations at pH 9.9 (A, 0 mM; B, 42 mM; C, 89 mM; D, 130 mM). Each inset
is the magnified image of Au nanostructures. Filigree nanotubes of 10–15 nm wall thickness and
5.0 ± 2.1 nm grain sizes were obtained. The robust and self-standing structures prove homogeneous
deposition along the whole template (length of template is �30 lm).

Vasquez et al. [200] also used the electroless deposition method to fabricate the polygonal rings
and microwires of covellite-type CuS. The kinked polygonal microwires and serpentines 250–
350 nm in diameter and tens of microns in length were formed. The resulting products were hexag-
onal type CuS or covellite, which is confirmed by X-ray diffraction (XRD) and selected area electron
diffraction (SAED). They have also given the brief mechanisms of formation of different structures.
According to their mechanism, first the localized nucleation of CuS spheres take place at the tips of
the pillars selectively wetted by the crystallization solution, followed by the fusion of the particles into
chains connected to the micropillars. Finally, release of the chains from the posts upon growth and
their reconnection with the chains emerging from the neighboring pillars. From the above results,
we can say that the electroless plating is also a promising method for forming uniform 1D NSMs.

The hydrothermal technique is an efficient method for the controlled synthesis of 1D NSMs [201–
204]. For instance, Tang et al. [203] prepared the Si nanowires on Si substrates by hydrothermal depo-
Fig. 28. Typical SEM images of Au nanostructures obtained after addition of various DMAP concentrations at pH 9.9 (A, 0 mM;
B, 42 mM; C, 89 mM; D, 130 mM). Each inset is the magnified Au wires (A), tubes (B and C), or collapsed tubes (D). The arrow
mark on the part C indicates the anisotropic crystals grown on top of the surface Au film inside broken tubes. Reprinted from
Ref. [199] with permission of ACS Publishers.
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sition route under low temperature and pressure. The obtained Si nanowire consists of a polycrystal-
line Si core and an amorphous silica sheath. The diameter and length of Si nanowires were �170 nm
and �10 lm, respectively. More recently Shim et al. [204] used the facile hydrothermal method with
hydrogen titanate nanowires as the precursor to fabricate the porous TiO2 nanowires. In a typical
synthesis of porous TiO2 nanowires, first, 0.1 g of anatase powder was well dispersed in a 10 mol L�1

NaOH solution, and then the mixed solution was transferred into a stainless steel autoclave (temper-
ature maintained for 48 h at 200 �C). After the hydrothermal treatment and centrifuged, a white
sodium titanate precipitate was obtained. Next, the prepared precipitate was soaked in a 0.1 mol L�1

HCl solution for 24 h, which fully induced cation exchange between Na+ and H+ ions. Hydrogen tita-
nate nanowires were washed with DI water several times. To obtain the pure anatase phase TiO2

nanowires, the hydrogen titanate nanowires were treated by hydrothermal method with DI water
at 180 �C for 3 h along with centrifugation and washing steps. Fig. 29 shows the SEM, TEM, HRTEM
images and SAED pattern of the pure anatase phase TiO2 nanowires and an anatase TiO2 nanowire.
They also reported that the porous anatase TiO2 nanowires demonstrated a good cycling performance
and excellent rate capabilities compared with the H2Ti3O7 nanowires and the anatase TiO2 nanowires.

Solvothermal reaction utilizes a solvent under elevated pressures and temperatures above its crit-
ical point to increase the solubility of a solid and to speed up reactions between precursors. In view of
several advantages (high purity and good homogeneity) over other techniques, the solvothermal syn-
thesis process has been one of the most important methods for the preparation of 1D NSMs [205–209].
Xu et al. [208] fabricated large scale CdS nanowires by a solvothermal process in a mixed solvent of
dodecanethiol and ethylenediamine. In a typical synthesis of CdS nanowires, first 1 mM
Cd(OAc)2�2H2O�2 and 2 mM NaS2CNEt2�3H2O was poured into a mixed solvent of ethylenediamine
and dodecanethiol. The resulting mixture was then transferred into a stainless autoclave. The auto-
clave was sealed and kept for 18 h at 180 �C. After that, autoclave was cooled to room temperature.
Fig. 29. (A) SEM and (B) TEM images of the as-made pure anatase phase TiO2 nanowires growth by hydrothermally dehydrated
at 180 �C. (C) TEM image of the pure anatase phase TiO2 nanowires with porous nanostructures. The inset of image C shows the
SAED patterns. (D) HRTEM image of a pure anatase phase TiO2 nanowire. (E) TEM image of an anatase TiO2 nanowire. The inset
of image E shows the SAED patterns. (F) HRTEM image of an anatase TiO2 nanowire. Reprinted from Ref. [204] with permission
of IOP Publishing Ltd.
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The product was carefully washed with DI water and ethanol, and then dried in a vacuum for 4 h at
50 �C. Fig. 30 shows the SEM images of the resulting products. The resulting product is composed of
uniform nanowires with an average diameter of �25 nm and lengths of 20–40 lm.

In the same year, Sun et al. [209] also used the same method to fabricate the pure phase CeO2 nano-
rods. In a typical synthesis of pure phase CeO2 nanorods, first 0.01 M octadecylamine was dissolved
into a solution containing 40 mL DI water and 40 mL ethanol. 0.01 M of hydrated cerium(III) chloride
was added under magnetic stirring after the octadecylamine was completely dissolved. After 3 h stir-
ring, the mixture was transferred into an autoclave. Then the autoclave was sealed and maintained in
an electric oven at 160 �C for 72 h. After that, autoclave was cooled to room temperature. Finally, the
product was washed with acetone, hot ethanol solution and DI water in sequence several times, and
then separated by centrifugation. To obtain the pure phase CeO2 nanorods, the product was dried in a
vacuum oven and then calcined with a muffle oven at 400 �C in air. The pure phase CeO2 is composed
of uniform nanorods with a diameter of �40–50 nm and lengths of 0.3–2 lm. They also reported that
the solvent composition, surfactant type, cerium source precursors, temperature and reaction time
played a major role in the formation and growth of CeO2 nanorods. Thus, we can say that the solvo-
thermal process is a very useful method to make the 1D NSMs.

The sol–gel technique is an attractive synthetic method due to its simplicity and flexibility which
allow for optimization and production of bulk 1D NSMs [210–213]. Chaudhuri et al. [212] prepared
the silicon nitride nanowires by carbothermal reduction followed by the nitridation (CTRN) of silica
gel containing ultrafine excess carbon obtained by the decomposition of dextrose over the tempera-
ture range of 1200–1350 �C. Their method involves repeated evacuation followed by purging of N2

gas so that the interconnected nanopores of the gel are filled with N2 gas prior to heat treatment.
The presence of N2 gas in the nanopores of the gel starts the CTRN reaction simultaneously throughout
the bulk of the gel. In results, the chemical reaction is leading to the formation of silicon nitride nano-
wires. The diameter and length of silicon nitride nanowires are �500 nm and 0.2 mm, respectively.
Later, Bitenc et al. [213] prepared the ZnO particles with a needle-like shape by solution-phase meth-
od in the autoclave system (oven preheated at 90 �C). In a typical synthesis of hexagonal ZnO, first
water (W) and ethylene glycol (EG) with 0.001 M Zn2+ + 0.005 M urea are mixed for 72 h (Sample
A: volume ratio W/EG = 1/3 and Sample B: W/EG = 1/1). After 24 h the Sample C was prepared by mix-
ture of 0.01 M Zn2+ + 0.05 M urea with a volume ratio W/EG = 1/3. The resulting products were cooled
to room temperature, filtered off, washed with DI water, and dried in air. By changing the ratio of W/
EG, the concentration of the starting chemicals and the reaction conditions, it is possible to control the
structure and morphology of ZnO particles. Fig. 31 shows SEM images of the three samples (Samples
A–C). As shown in SEM images, the ZnO particles that were prepared in the autoclave had a much
higher aspect ratio (20 ± 5) and were needle-like. Hence, the sol–gel method can be applied for the
preparation of various types 1D NSMs.
Fig. 30. (A) Low- and (B) high-magnification SEM pictures of the CdS nanowires. Reprinted from Ref. [208] with permission of
ACS Publishers.



Fig. 31. SEM images of three samples (A–C) prepared in an autoclave at 90 �C. Reprinted from Ref. [213] with permission of ACS
Publishers.
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In the last few years, nanowires formation via CVD is especially attractive because of the relative
ease of scaling from research to production-size systems [214–218]. Shimizu et al. [217] used the
CVD to fabricate the Ge nanowires on Si substrates. In a typical synthesis of Ge nanowires, first n-
butylgermane was used as source gas in consideration of the following properties: substantially less
hazardous and less toxic compared to GeH4, facile to handle liquid with acceptable vapor pressures,
and better thermal stability. Au was used as catalyst for vapor liquid solid (VLS) growth of Ge nano-
wires. Fig. 32 shows plan-view SEM images of Ge nanowires grown on the Si substrate. The (110)
growth direction is dominant in Fig. 32A–C. The average diameter of the Ge nanowires calculated from
Fig. 32C was �20 nm. Qi et al. [218] reported a synthesis of Si nanowires by multitemperature zone
chemical vapor deposition reactor. A typical synthesis of Si nanowires was carried out at temperatures
as low as 290 �C. The low-temperature process is facilitated by the independent control over the pre-
cursor feeding and the nanowire growth, which leads to a balanced VLS or vapor–solid–solid (VSS)
Fig. 32. Plan-view SEM images of Ge nanowires. The Ge nanowires were grown at various temperature (A) 450, (B) 400, and (C)
370 �C for duration of four min in n-butylgermane. The arrow in (A) indicates a strongly tapered wire. Crossed arrows represent
crystal orientations of the Si substrate. It is projection onto the Si (100) surface. Reprinted from Ref. [217] with permission of
ACS Publishers.
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growth. From above results, we found that the CVD is one of the best techniques to prepare high-qual-
ity 1D NSMs.

1D NSMs have also been synthesized via a LCVD [219–224]. Longtin et al. [223] reported the
growth of carbon nanofibers on nickel coated alumina substrates by the LCVD. In a typical growth
of carbon nanofibers, first Ni coated alumina substrate was put in a cylindrical stainless steel cold-wall
reactor at an angle or perpendicularly to the laser beam. Next, ethylene was injected into the vessel at
a pressure of 100 kPa. A Coherent Innova 90 continuous Ar ion laser was used to generate the laser
beam. A lens located outside the vessel was used to defocus the beam to a spot size of 4.3 mm. The
power density ranged from 0.2 � 105 W m�2 to 2.1 � 105 W m�2. Fig. 33 indicates the change in the
surface morphology of carbon nanofibers with respects to various irradiation times. Longer irradiation
times produced a 1 lm thick carbon coating over most of the irradiated area, as shown in Fig. 33. In
addition, they found that the quality of films can be optimized by controlling the experimental param-
eters such as irradiation time and power density. Later, Morjan et al. [224] also used the LCVD to fab-
ricate the carbon nanotubes on a Si(100) substrate. There are two aspects of the large scale fabrication
of carbon nanotubes. The first step is to prepare the substrate by depositing the catalyst nanomaterial.
The second one is the synthesis of carbon nanotubes by LCVD. Similar to previous results, the purity
and growth of carbon nanotubes are controlled by CO2 laser irradiation and varying ethylene concen-
tration in the ethylene/acetylene precursor mixture.

Laser pyrolysis is an important method for producing special 1D NSMs with different shapes and
sizes [225,226]. Alexandrescu et al. [226] fabricated the rod-like shape TiO2 particles by the IR laser
pyrolysis technique in the presence of TiCl4, air and nitrous oxide, at lower air flows (e.g. 10 sccm
Fig. 33. Changes in the carbon nanofibers morphology with respect to various irradiation times: (A) 5 s; (B) 120 s; (C) 180 s; (D)
420 s. Reprinted from Ref. [223] with permission of Elsevier.



756 J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803
for sample SN). Fig. 34 shows the HRTEM image of an isolated SN primary nanocrystal. The length of
rod-like shape TiO2 particles are �25 nm. The HRTEM image also shows the spacing of �0.352 nm cor-
responding to the (101) facet. Although there are great progresses in synthesis of 1D NSMs by laser
pyrolysis, there still requires a more research and development in terms of high production of 1D
NSMs.

4.3. Synthesis of 2D NSMs

4.3.1. Synthesis of 2D NSMs by physical processes
2D NSMs such as nanoprisms, nanoplates, nanosheets, nanowalls, nanodisks, and junctions (con-

tinuous islands) are currently the focus of much attention because of their special properties, for in-
stance small size and large surface-to-volume ratio, compared with the 1D NSMs. Physical methods
have been widely used to create 2D NSMs such as nanoprisms, hierarchical, nanoplates, nanosheets,
nanowalls, and nanodisks [227–233]. Dai et al. [227] fabricated the SnO nanodisks/alumina plates
by thermal evaporation under controlled conditions. In a typical synthsis of SnO nanodisks, first the
SnO or SnO2 powders (purity of 99.9%, metals basis) were placed in an Al2O3 boat located inside a
quartz tube reactor as evaporation source. Alumina plates as a substarte were then placed down-
stream one-by-one. Next, while evacuating the alumina tube to �2 � 10�3 Torr, thermal evaporation
was conducted at 1070 �C for SnO powders or 1350 �C for SnO2 powders for 2 h under the conditions
of a pressure of 500–600 Torr and an Ar carrier gas of 50 sccm. The tin oxide nanodisks were collected,
where the temperature was in the range of 200–400 �C. They also obtained similar product at the same
temperature zone whether the source material was SnO or SnO2. Dai et al. [228] used the same tech-
nique to fabricate the flat nanosheets of Ga2O3. The Ga2O3 nanosheets have been synthesized by evap-
orating GaN at high temperature in the presence of oxygen. They showed that the structurally
uniform, single crystalline, free from dislocations and pure Ga2O3 nanosheets was synthesized. More
recently, He et al. [229] fabricated the 2D arrays of gold nanoparticles through thermal evaporation of
self-assembled 2D DNA nanoarrays (as a template). During this process, Au atoms/clusters (the ink
material) are thermally evaporated onto self-assembled DNA nanostructures and assembled into
nanoscale gold particles. The Au nanoparticles superstructure is determined by the geometry of the
DNA template. In this technique, DNA molecules are not conjugated to AuNPs that have been prepared
in advance; instead, they serve as inert physical substrates for in situ AuNP synthesis. Fig. 35 shows
the TEM of tetragonal and hexagonal DNA arrays composed of symmetric four-pointed- and three-
pointed-star motifs, respectively.

Normally, it is very difficult to synthesize the 2D NSMs by direct sputtering technique. Therefore,
researchers fabricate 2D NSMs by an appropriate combination of lithography and sputtering technique
[230,231]. Liu et al. [230] fabricated 2D ordered arrays of hollow metal nanoshells, based on a combi-
nation of nanosphere lithography and physical sputtering technique. In their experiment, first, a
Fig. 34. HRTEM image of the rod-like shape TiO2 particle. Reprinted from Ref. [226] with permission of Elsevier.



Fig. 35. (A and C) TEM images of uranyl acetate-stained DNA arrays. (B and D) 2D DNA arrays deposited with 8 Å of gold,
irradiated under an electron beam, and visualized by TEM. Reprinted from Ref. [229] with permission of ACS Publishers.
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monolayer polystyrene sphere (PS) was fabricated on a glass substrate by a micromolding technique.
The number of stacking layers in the crystal can be controlled by selecting proper spacers between
glass substrates forming the microchannel. Next, a metal film was sputtering-deposited onto the col-
loid crystal template under a controllable deposition rate. By controlling sputtering time, various mor-
phologies of metal coating onto PS spheres can be achieved. After metal deposition, the ordered arrays
of the partially deposited metal PS beads were transferred onto an adhesive tape by peeling-off a tape
stripping method. At the end of experiment, the sample was dipped in a toluene solution, where the
supporting dielectric particles were completely dissolved, leaving behind an ordered metallic nano-
structure. Fig. 36 shows a SEM images of an ordered Au nanobowls array, which obtained by an appro-
priate combination of nanosphere lithography and physical sputtering technique. They also suggested
that the morphology of cavity-containing metal particles depends on the coating time and number of
stacking layer in colloidal crystal template.

2D ordered hollow sphere arrays synthesized via lithography processes have special geometric
morphology, high surface area, enhanced capacity retention, and large diffusion and transportation
channels. They could be very beneficial as both in fundamental research and in practical applications,
such as surface science, catalysis, SERS, and electrochemistry. For example, Duan et al. [232] prepared
2D ordered hollow sphere arrays of conductive materials (Gold, polypyrrole, and CdS) on indium-tin-
oxide (ITO-glass) by nonshadow deposition dominated colloidal lithography (NSCL). In their



Fig. 36. SEM images of ordered gold nanobowls array at (A) high- and (B) low-magnification. Reprinted from Ref. [230] with
permission of Japan Society of Applied Physics.
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experiment, first, an ion-sputtering system is used to sputter a thin layer of gold on a PS colloidal tem-
plate. A hollow sphere array can thus be obtained by further electrochemical deposition on such a
template and subsequent removal of PSs. Their results suggest that the NSCL approach is flexible
and easy to control the nanostructure and size of the hollow sphere array, and some other new fea-
tures are as follows: (1) controllable shell of the hollow sphere from single-layer to multilayer with
single or multiple compositions, (2) tunable morphology from simple structure to hierarchical nano-
structure, and (3) changeable arrangement of hollow spheres from close-packing to non-close-pack-
ing. Moreover, the hollow sphere size and the shell thickness can also be controlled by changing
the colloidal sphere and deposition time, respectively. Fig. 37 shows the SEM and TEM micrographs
of ordered hollow sphere arrays of gold, polypyrrole, and CdS materials.

More recently, Lee et al. [233] fabricated an elliptical gold nanodisk arrays onto a clean glass sub-
strate by the serial processes of NIL, tilted evaporation, O2 plasma etching, metal deposition, and lift-
off. For a typical fabrication of gold nanodisks, first, laser interference lithography was used to prepare
a Si stamp with nanoscale size. Then the surface of the Si stamp was modified with chemicals for facile
release of the stamp from the resin after imprinting. By using a thermal NIL system, the stamp (nano-
pillar array) was pressed against curable resin. Next, the resin was diluted with its thinner at a ratio of
3:2 and spin-coated on a clean glass substarte at 3000 rpm for 30 s. The imprinting was performed
under a low pressure at 180 �C for 10 min and maintained until the temperature decreased below
50 �C. A 2 nm thin layer of chromium was deposited four times in different directions via e-beam
evaporator to protect a top layer of the patterned resin from plasma etching. The residual layer was
removed by plasma etching. Lastly, a Ti/Au layer was coated by e-beam evaporation. A lift-off was
achieved with ultrasonic agitation in the presence of acetone.

Over the past years, a hot plasma or arc plasma method has been used to synthesize a 2D NSM. For
example, Nayak et al. [52] fabricated the 2D SiC dendrite structure via arc plasma method. In the syn-
thesis of SiC dendrite, first, rice husk ash containing SiO2, C, and <2% other constituents (such as K2O,
Na2O, CaO, MgO, Fe2O3, P2O5, and SO3) was mixed with graphite powder (ratio of C: SiO2 is 3:1). Then,
the resulting product was then charged into a graphite crucible kept inside an arc plasma furnace. Car-
bothermal reduction of the ash was performed under plasma condition at 2500–2550 K for 30 min in
the presence of argon gas and then followed by 2 h furnace cooling to room temperature. The cooled
powdery product was washed with 40% HF/HCl mixture to remove unreacted silica and mineral oxi-
des. It was then successively washed with DI water to remove Cl� and F� ions. Free carbon from the
powder was taken out by heating at 973 K for 2 h. TEM shows (Fig. 38) the occurrence of equi-spaced
primary branches (�60–70 nm in length) in the dendrite consisting of nanorod bundles.

Recently, low-temperature plasma (cold plasma) can also be used to synthesize a 2D NSMs. For in-
stance, Vizireanu et al. [234] grow the carbon nanowall/Ni/Si in a plasma beam sustained by an
expanding Ar rf discharge and injected with a small amount of acetylene in the presence of hydrogen
as active gas. In a typical fabrication of 2D carbon nanowalls, first a silicon wafer is sputter-coated



Fig. 37. (A) SEM image of gold hollow spheres; inset: tilted image in the edge region with broken spheres. (B) TEM images of as-
prepared PPy hollow spheres; inset showed the thickness of deposited PPy. Electrochemical deposition time is 120 s. (C) SEM
image of CdS hollow sphere. Electrochemical deposition time is 3 h. Reprinted from Ref. [232] with permission of ACS
Publishers.

Fig. 38. TEM images of SiC dendrite grown by arc plasma at (A) low and (B) high magnification. Reprinted from Ref. [52] with
permission of The American Ceramic Society.
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with a layer of Ni catalyst and then Ni/Si is used as substrate. The Ni thin films were then transformed
in particles by annealing and plasma treatment in ammonia or hydrogen. Further, acetylene and
ammonia/hydrogen were introduced in the chamber through the same injection ring, situated in
the nozzle proximity. The mass flow rate of the Ar gas was fixed between 100 and 1000 sccm, and
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those of the other gases (C2H2, NH3, or H2) between 1 and 20 sccm. During the deposition, the pressure
was in the range of 10�1–3 mbar. More recently, the same author reported a detailed study on the syn-
thesis of 2D carbon nanowalls by an rf expanding plasma beam [56]. Fig. 39 shows SEM and TEM
images of the carbon nanowalls deposited under the standard conditions. Moreover they found that
the densities and morphologies of carbon nanowalls can be controlled by changing position with re-
spect to the precursor injection point. By manipulating the experimental conditions, they obtained
well separated carbon nanowalls with the largest surface area.

Spray-pyrolysis processing is a facile method for production of 2D NSMs. For example, Pingali et al.
[235] synthesized a 2D Ru–Ni–S dendrite structures onto a carbon film by spray-pyrolysis method. In
a typical synthesis of Ru–Ni–S dendrite structures, the starting molar ratio of Ru:Ni:S was kept at 1:1:3
and mixed with methanol at 0.05 M. Then, the following synthesis conditions are applied: atomizer
power = 8 W, argon flow rate = 120 mL min�1, and temperature = 1000 �C. They found that the mor-
phology of the Ru–Ni–S is influenced by the temperature, gas flow rate and atomizer power. More re-
cently, Mann and Skrabalak [54] used the spray pyrolysis technique to fabricate the Bi2WO6

nanoplates. For fabrication of Bi2WO6 nanoplates, 15 mL of water was mixed to a vial containing
0.25 g of Na2WO4�2H2O (0.00075 mol) and 0.4726 g of BiCl3 (0.0015 mol). Then the colloidal suspen-
sion was agitated in an ultrasonic bath for 1 min. Finally, the suspension was then sparged with N2 gas
at 55 sccm for 30 min, followed by nebulization. An ultrasonic transducer was used to nebulize the
precursor solutions. The furnace temperature was 600 �C. Products were obtained by centrifugation
and washed with DI water. Fig. 40A and B shows a SEM and TEM pictures of Bi2WO6 nanoplates.
The inset in TEM image shows the SAED pattern of the Bi2WO6 nanoplate. A proposed mechanism
for Bi2WO6 nanoplate’s formation is schematically shown in Fig. 40C, which is confirmed by thermal
analysis. They found that the metathesis reaction plays an important role in the synthesis of single-
crystalline shape-controlled particles. The average diameter and thickness of Bi2WO6 nanoplates are
433 ± 134 nm and 46 ± 16 nm, respectively. The SAD (Fig. 41B, inset) shows that the nanoplates are
single-crystalline and bound on the top and bottom by (001) facets.

Dato et al. [236] fabricated large quantity graphene nanosheets by inert gas phase condensation
technique. The synthesis of graphene sheets can be carried out using an atmospheric-pressure micro-
wave plasma reactor. A smaller alumina tube concentrically located within the quartz tube was used
to send an aerosol consisting of argon gas and ethanol droplets directly into the argon plasma. Ar plas-
ma was generated by stream. Ethanol droplets rapidly evaporated and dissociated in the plasma,
forming solid matter. After passing through the plasma, reaction products underwent fast cooling
and were collected on nylon membrane. Finally, graphene sheets collected on the filters were soni-
cated in methanol for 5 min. Thus, we can say that the inert gas phase condensation technique is very
useful for synthesis of 2D NSMs.
Fig. 39. (A) SEM and (B) TEM image of carbon nanowalls deposited under the optimized conditions. Insets of both figures show
a high magnification image. Reprinted from Ref. [56] with permission of IOP Publishing Ltd.



Fig. 40. (A) SEM image of Bi2WO6 nanoplates and (B) TEM image of Bi2WO6 nanoplates; inset SAED. (C) Cross-sectional
representation of the physical and chemical processes occurring during the spray pyrolysis fabrication of Bi2WO6 nanoplates
(modified from Ref. [42]). Reprinted from Ref. [54] with permission of ACS Publishers.

Fig. 41. (A) HRTEM image of Si nanodisk. (B) FFT pattern derived from the image in part A. (C) schematic drawing of the crystal
structure of the nanodisk. Reprinted from Ref. [238] with permission of ACS Publishers.
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Over the past decade, pulsed laser ablation has proven to be an effective method for preparation of
2D NSMs such as nanodisks and nanoleaf [237–239]. Qin et al. [238] fabricated the silicon nanodisks
by the pulsed-laser-ablation-in-liquid technique. For the synthesis of silicon nanodisks, commercial
SiO powder was used as a starting material. Pulsed laser was then used to irradiate a SiO suspension



Fig. 42. (A) SEM and (B) TEM images of ZnO nanodisks. Reprinted from Ref. [57] with permission of ACS Publishers.
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in a glass cuvette for 120 min. The synthesis conditions were wavelength = 1064 nm, fre-
quency = 20 Hz, and 1.2 ms pulse width. The laser beam with single pulse energy of 4.895 J was fo-
cused �5 mm below the liquid surface with a spot size of 0.2 mm. The as-prepared suspension was
of dark-yellow color. Lastly, the products were filtered and then HF solution was used to remove sur-
face SiO2. Fig. 41A shows an HRTEM image of Si nanodisk. The interplanar spacing is about 0.31 nm,
which corresponds to the (111) spacing of Si. The fast Fourier transform (FFT) analysis of the nanodisk
gives a (110) oriented diffraction pattern, as shown in Fig. 41B. The crystallographic directions of the
nanodisk are more schematically shown in Fig. 41C, where the upper and lower disk faces are the
(110) planes and possible planes at the lateral surface are expected to be (111), (002), and others per-
pendicular to the (110) plane. In their results indicate that the Si nanodisks gave blue light emission
under ultraviolet irradiation, which can be ascribed to oxide-related defects on their surface.

Yang et al. [239] used pulsed-laser-ablation-in-liquid technique to fabricate zinc oxide nanoleaf
structure at room temperature and pressure. For a typical synthesis of zinc oxide nanoleaf structure,
Zn powder was compressed under pressure to form a solid target for ablation. The synthesis condi-
tions were wavelength = 532 nm, frequency = 10 Hz, 15 ns pulse width, SDS concentrations = 0.05 M
and ablation time = 5 h. The laser beam with pulse energy of 100 mJ was focused �5 mm below the
liquid surface with a spot size of 0.5 mm. Finally, the products were washed several times with DI
water and ethanol, and then separated by centrifugation. After ablation time of 5 h, the ‘leaf-like’
shapes with width of �230 ± 30 nm and length of �770 ± 90 nm were observed. The pulsed-laser-
ablation-in-liquid technique looks promising for preparing novel 2D NSMs.

A sonochemical reduction method has been recently investigated as a promising alternative tech-
nique for the fabrication of 2D NSMs. Jung et al. [57] fabricated ZnO nanodisks using the sonochemical
method. In a typical synthesis of ZnO nanodisks, a triethyl citrate (HOC(COOC2H5)(CH2COOC2H5)2) was
used to synthesize ZnO nanodisks. An aqueous solution of 100 mL, which contained zinc nitrate hexa-
hydrate (0.01 M), HMT (0.01 M), and triethyl citrate (0.1 M), was prepared at room temperature. Then,
ultrasonication was carried out at an intensity of 39.5 W cm�2 for 30 min. Finally, the ZnO nanodisk
containing solution was filtered, and then the resulting powder particles were washed and dried.
Fig. 43 shows the SEM and TEM images of ZnO nanodisks. Hexagon-shaped ZnO nanodisks, with an
average diameter of 500 nm and average thickness of 140 nm, could be clearly observed in Fig. 42A.
Hexagonal ZnO nanodisks are highly crystalline with a lattice spacing of about �0.28 nm, which cor-
responds to an interlayer distance of the ð10 �10Þ planes in ZnO crystal lattice, as shown in Fig. 42B.

Bhattacharyya and Gedanken [240] used a sonochemical method to form porous ZnO nanodisks.
For synthesis of porous ZnO nanodisks, 1 g of zinc(II) acetate was dissolved in 100 mL of 10% v/v
water-N, N-dimethylformamide (DMF) and irradiated with an ultrasonic horn under a flow of inert
gas at room temperature for 3 h. Then, resulting products were first washed thoroughly with dou-
bly-distilled water and then with absolute ethanol in an inert glove box (O2 < 1 ppm) and dried in



Fig. 43. TEM images of hexagonal Pd nanosheets after washing several times with 2-propanol under ultrasounds. Reprinted
from Ref. [55] with permission of ACS Publishers.
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the vacuum system. They also found that the resultant products are much more porous when the
sonohydrolysis is carried out under argon than their sonication under air.

Consequently, all above results and discussion suggest that the physical method is an easy method
for fabrication of 2D NSMs. The morphology, particle size, and metallic composition of the 2D NSMs
can be tuned based on experimental conditions.
4.3.2. Synthesis of 2D NSMs by chemical processes
Like physical methods, chemical processes have also been widely used to create 2D NSMs such as

nanoprisms, hierarchical, nanoplates, nanosheets, nanowalls, nanodisks, and junctions (continuous is-
lands). Template-based methods provide significantly more flexibility in processing to allow for the
preparation of such 2D NSMs. For instance, nanosheet- and nanodisk-like structures were prepared
by using cetyltrimethylammonium bromide (CTAB) micelles as a soft template method [55,241]. Siril
et al. [55] synthesized the hexagonal Pd nanosheets in ternary emulsions made of water/oil/CTAB and
quaternary hexagonal mesophases made of water/oil/CTAB/co-CTAB, in which CTAB was used as a sur-
factant. HRTEM imaging revealed that the hexagonal Pd nanosheets obtained from the CTAB based
emulsions (Fig. 43). These hexagonal Pd nanosheets have shown a broad absorption band from the vis-
ible to the near infrared region.

However, Chen and Carroll [241] also used the CTBA micelles as a soft template to synthesize large
quantities of truncated triangular Ag nanoplates. In a typical synthesis of truncated triangular Ag
nanoplates, the Ag ions were first reduced into small Ag seeds, which then grew into truncated trian-
gular Ag nanoplates, in the presence of ascorbic acid and highly concentrated CTBA. For separation and
purification of Ag nanoparticles, mild aging and centrifugation were also applied. They also found the
Ag nanoparticles with different morphologies, including rods, squares (or cubes), tetrahedra, and disks
(or spheres), but their abundance is around 20% in total. The truncated triangular Ag nanoplates have
an average edge size of 68 nm, thickness of 24 nm, and the degree of truncation of 0.35. Hao et al.
[242] synthesized Ag nanodisks by using polystyrene mesospheres as templates in N,N-dimethylform-
amide (DMF) solution. In that work, polystyrene mesospheres with carboxyl groups absorbed Ag ions
to nucleate. Then, the polystyrene mesospheres played the function of template, as they limited the
metal particle growth in one direction and led to anisotropic growth. The average diameter and thick-
ness of edge oriented Ag nanodisks are �36 nm and �9.0 nm, respectively. Chen and Carroll [243] ob-
tained Ag nanodisks from truncated triangular silver nanoplates at 40 �C by using concentrated CTAB
as a template. A single layer of CTAB on the basal face was suggested to account for the anisotropic
growth. However, the obtained Ag nanodisks by this method had thickness of the order of 20–
30 nm and a diameter �60 nm.

Kawasaki et al. [244] synthesized single crystalline platinum (Pt) nanosheets in single or mixed
surfactant LLC. In the synthesis of single-crystalline Pt nanosheets, they used a chemical reduction
of a platinum salt with hydrazine at a graphite/solution interface, using polyoxyethylene (20) sorbitan
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monostearate (Tween 60) based self-assembly (hemicylindrical micelle) templates. They also noticed
that the thickness of Pt nanosheets is �3.5 nm. The Pt nanosheets are surface-smooth and continuous
over relatively large length scales of micrometer sizes. Kawasaki et al. [244] suggested that the inter-
facially directed growth of Pt metals within the aqueous shells of the Tween 60 hemicylindrical mi-
celles induces the thin Pt crystals as thick as the aqueous shells. In addition, growth of metal
particles on the LLC, adsorbed at the solid/solution interface, would be greatly advantageous for pro-
ducing unknown nanostructured metals.

Sakai et al. [245] developed a new approach to fabricate single crystalline Pt nanosheets by the
chemical reduction of a Pt salt based on the interfacial directed growth of Pt metals within LLC at a
graphite/solution interface. Then, the nanogroove-network-structured single-crystalline Pt nano-
sheets were obtained by the NaBH4 reduction of Na2PtCl6 confined to the mixed LLCs. The nanosheets
were composed of pseudo 2D irregular Pt networks, in which Pt nanoleaves were loosely intercon-
nected with crystallographic alignment to form an irregular network of nanogrooves [245]. Fig. 44
shows the AFM images for obtained single crystalline Pt nanosheets. Atomic force microscopy
(AFM) images indicated that the thickness of Pt nanosheet is about �11.7 nm, which is stacking of four
Pt nanosheets.

Recently, Kijima et al. [246] prepared nanohole-structured single-crystalline Pt nanosheets by
reduction of Na2PtCl6 confined to the LLCs using borohydride as the reductant. Moreover, Wang
et al. [247] established a novel method to prepare Au nanoplates from LLC. Further research was car-
ried out by Wang et al. [248] to obtain products of controllable shape and size. Single-crystalline Au
nanoplates with triangular or hexagonal shapes were synthesized by reducing HAuCl4 in LLC with the
addition of a small amount of capping agents. Consequently, all above results suggest that the hexag-
onal LLCs consisting of triple-PEO-chain-based surfactant cylindrical micelles are available for the for-
mation of 2D metal nanosheets.

Another technique widely employed to prepare 2D NSM is two- and three-electrode electrochem-
ical cell system [51,249–252]. Liu et al. [250] used a two electrode electrochemical cell to synthesize
the mesoporous hydrous manganese dioxide nanowall arrays. Mesoporous hydrous manganese diox-
ide nanowall arrays deposited on cathodic substrate by means of water-electrolysis induced precipi-
tation from 0.1 M precursor solution (mixed of manganese acetate and sodium sulfate) at a voltage of
�1.8 V for 15 min. The following reactions are involved in the deposition of manganese dioxide nano-
Fig. 44. (A) AFM image of Pt nanosheets and (B) AFM image of selected region of Pt nanosheets shown in (A). In (B), yellow line
shows the scan line for measured the thickness of Pt nanosheets. Bottom of (B) shows the stacking of four nanosheets with a
total thickness of �11.7 nm. Reprinted from Ref. [245] with permission of Wiley-VCH Verlag GmbH & Co. KGaA.



Fig. 45. SEM images of mesoporous hydrous manganese dioxide nanowall arrays deposited on cathodic substrate: (A) plan-
view and (B) cross-section view. Reprinted from Ref. [250] with permission of Wiley-VCH Verlag GmbH & Co. KGaA.
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walls. When a voltage was applied, the water electrolysis occurred at the cathode surface, generating
hydrogen gas and OH� groups:
2H2Oþ 2e� ¼ H2 þ 2OH� ð1Þ
Then, the generated OH� groups from bonds with Mn2+ ions, causing nanoparticle precipitation:
Mn2þ þ 2OH� ¼MnðOHÞ2 ð2Þ
Fig. 45 shows the SEM images of manganese oxide film grown on cathodic substrate. The cross-section
SEM image (Fig. 45B) depicts that the nanowall array was deposited with no continuous film at the
interface between the Pt film and manganese oxide nanowall arrays.

He et al. [251] used a three-electrode electrochemical cell to prepare the cobalt nanowall arrays on
the copper substrate. In a typical synthesis of cobalt nanowall arrays, the copper foil was treated with
0.1 M HCl aqueous solution, and then cleaned by sonication in acetone for 5 min. The electrolyte solu-
tion was prepared by dissolving 0.1 M Li2SO4.H2O and 20 mM [Co(NH3)5Cl]Cl2. Further, the cyclic vol-
tammetry (CV) was conducted for 10 circles with the potential sweep between �0.4 and �1.2 V, and
the constant scan rate was set as 20 mV s�1.
Fig. 46. SEM images of In(OH)3 nanosheets. Reprinted from Ref. [252] with permission of ACS Publishers.
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Chu et al. [252] used a standard three-electrode electrodeposition setup consisting of an Ag/AgCl
reference electrode, Pt foil counter electrode, and the tin-doped indium oxide working electrode.
In(OH)3 nanosheets are synthesized at low In3+ concentrations ([In3+] = 0.008 M) at 65 �C and
�1.2 V for 1 h. The SEM images of In(OH)3 nanosheets are shown in Fig. 46. They also revealed that
the growth behavior of In(OH)3 was mainly determined by the indium nitrate concentration and ap-
plied potential. Well-defined ellipsoids, cubes, and rods could be prepared under suitable conditions.
The formation of different nanostructures can be explained by initial self-assembly of In(OH)3 nano-
sheets and a subsequent ripening process under different conditions.

Tiwari et al. [51] prepared continuous Pt island networks using a single-step three-electrode elec-
trodeposition process. The continuous Pt island networks were fabricated in a 1 M K2PtCl6/1 M H2SO4

solution by holding the high- and low-potential pulse at (+0.08 V) and (�0.01 V), respectively. The
time durations for the high- and the low-potential pulse were 3 ms and 1 ms, respectively. The Pt is-
lands are mutually connected over the Si substrate and have size distribution from �200 nm to
�800 nm. Consequently, all above results suggest that the two- and three-electrode electrodeposition
processes are available for the formation of 2D NSMs.

Electroless deposition is a most common method for generating a variety of 2D metal nanostruc-
tures. Generally, electroless deposition processes are carried out in acidic, basic, or neutral aqueous
solutions and requires a reducing agent. For example, Aherne et al. [253] synthesized Ag nanoprisms
using electroless deposition. Typically, nanoprisms are prepared by mixing 35 mL of DI water, ascorbic
acid (0.525 mL, 10 mM), and 3.5 mL of silver nanoparticle seed solution, followed by the addition of
AgNO3 solution (21 mL, 0.5 mM) at a rate of 4 mL min�1 while stirring vigorously. After the reaction
was completed, trisodium citrate solution (17.5 mL, 25 mM) is added. The size of the formed Ag
nanoprisms is �21 nm. The Ag nanoprisms are single crystal with their basal plane as (1 1 1) lattice
plane. By reducing the volume of seed solution, it is possible to manipulate the size of Ag nanoprisms.

Jiang et al. [254] also applied the electroless process to fabricate Cu microstructures assembled
with nanowalls. In their experimental procedure, 0.01 mol of CuCl and 0.01 mol of NaOH were dis-
solved in 20 mL of DI water; then 0.03 mol of NaH2PO2�H2O was added to the above solution under
vigorous stirring for 5 min. Then, the solution was transferred into a 50 mL Teflon-lined stainless steel
autoclave, which was then filled with distilled water up to 90% of the total volume. The autoclave was
sealed and maintained at 200 �C for 24 h. After completion of the reaction, resulting solid products
were filtered off, washed with absolute ethanol and DI water several times, and then dried in a vac-
uum at 60 �C for 6 h. In Fig. 47, we can see SEM images of Cu microstructures with net shape consisting
of nanowalls. They also found that the morphology of Cu microstructures are controlled by adding
NaOH in aqueous solution and choosing of NaH2PO2�H2O as the reducing agent.

Kamada et al. [255] synthesized 2D iron oxyhydroxide thin films on bare Pt substrate using an elec-
troless deposition process. In their experiment, iron oxyhydroxide thin films were performed in a glass
cell including a mixed aqueous solution of 0.03 M FeSO4–0.03 M CH3COOH. Then, the Pt substrate was
Fig. 47. SEM photographs at (A) low- and (B) high-magnifications showing the copper microstructures with net shape
consisting of nanowalls. Reprinted from Ref. [254] with permission of ACS Publishers.
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dipped in a naturally aerated solution at room temperature for various periods, where the Ti foil was
also employed in a few cases. During the reaction, the substrate was exposed to the light from a 300 W
Xe lamp. The open-circuit potential of the Pt substrate was monitored against the saturated Ag/AgCl
reference electrode. The films obtained were cleaned by water and dried at room temperature. The
amount of Fe deposited on the Pt was measured by colorimetric analysis using 1, 10-phenanthroline
after dissolving a film in HCl solution, followed by neutralization and reduction treatments by addition
of NH3 and hydroxylamine-HCl salt solutions, respectively. The morphology and crystal structure of
as-postannealed films (873 K, 1 h in air) were observed. The photoanode performance of the postan-
nealed films was assessed by anodic polarization under intermittent illumination of visible light in
1 M CH3OH–0.1 M K2SO4 using Ag/AgCl and Pt as reference and counter electrodes, respectively.
The potential scan rate was 10 mV s�1. The water used in all processes was doubly DI water. Conse-
quently, all above results suggested that the electroless deposition is a cheap and useful process for
creating 2D NSMs.

Hydrothermal methods are ideally suited for rapid synthesis of large quantities of 2D metal oxide
or metal nanostructures [256,257]. For example, MnO2 nanostructres with different morphologies,
such as hexagramlike and dendritelike hierarchical forms, were successfully synthesized via a facile
hydrothermal route [256]. In a typical synthesis of 2D hexagonal starlike b-MnO2 crystals, a Mn(NO3)2

solution (1.2 M and 2.0 M) was transferred into a Teflon-lined stainless steel autoclave and heated at
160–180 �C for 3–72 h. For the preparation of dendritelike hierarchical b-MnO2 nanostructures, stoi-
chiometric moles of Mn(NO3)2 and nitric acid were well mixed and hydrothermally treated. In both
cases, the product was collected, washed, and dried. Fig. 48 shows the SEM images of the as-synthe-
sized 2D hexagonal starlike b-MnO2 and dendritelike hierarchical b-MnO2 nanostructures.

Recently, Takami et al. [257] fabricated nickel oxide nanoplates in hydrothermal reaction using a
flow-type reactor. In the synthesis of nickel oxide nanoplates, an aqueous mixture of Ni(NO3)2

(0.01 mol L�1) and H2O2 (2.57 mol L�1) was used. H2O2 was added to synthesize NiO in an oxidative
condition. The flows of the reactants and the heated water were mixed at a junction to raise the tem-
perature of the Ni2+ ion solution instantaneously. The temperatures of the water and the mixed flow
were set to �390 and 350 �C, respectively. After passing the isothermal region, the product was cooled
very quickly to room temperature with water. Residential time in the isothermal region was 16 s. The
cooled products were filtered through a 0.5 lm filter to remove accidentally produced large particles.
Fig. 48. SEM images of the hexagonal starlike b-MnO2 crystals synthesized from (A) 1.2 M and (B) 2.0 M Mn(NO3)2 solution. (C–
F) SEM images at different magnifications of the dendritelike hierarchical b-MnO2 nanostructures synthesized from Mn(NO3)2-
nitric acid solution. Reprinted from Ref. [256] with permission of ACS Publishers.



768 J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803
The products were purified by a combination of centrifugation and decantation. The nickel oxide
nanoplates had a thickness of �10 nm and a lateral size of 100–500 nm.

The solvothermal processes are very facile routes to synthesize of 2D NSMs [258,259]. For example,
silver nanosheets, and chainlike sheets have been successfully synthesized by a controlled solvother-
mal process in the presence of ammonia and AgNO3 [258]. For the typical synthesis of such chainlike
sheets, AgNO3 (100 mg) was dissolved in ethanol (10 mL) with 0.07 mol mL�1, and 0.13 mol mL�1

ammonia concentrations, respectively. The solution mentioned above is transferred into a stainless
steel autoclave. Then, temperature was fixed at 250 �C for 10 h. The solutions are then cooled to room
temperature. The product was then washed by DI water and ethanol. They found that the morphology
of Ag nanoparticles depends on concentration of ammonia, reaction temperature, and time.

Li et al. [259] also used a solvothermal method to fabricate CuS nanoplates by using copper nitrate
and sulfur. For the synthesis of CuS nanoplates, 1 mmol Cu(NO3)2�3H2O was dissolved in 40 mL etha-
nol and then 2 mmol sulfur was added into solution under vigorous stirring for 30 min. Furhter, the
solution was transferred into a 60 mL Teflon-lined stainless steel autoclave, sealed, and fixed at
150 �C for 24 h and then cooled to room temperature. At the end of experiment, the black precipitates
were centrifuged and washed with DI water and ethanol several times and dried under vacuum at
60 �C for 4 h. To understand the role played by solvents on the growth of CuS architectures in their
synthetic route, parallel experiments were also carried out in H2O, ethylene glycol (EG) and dimeth-
ylformamide (DMF). Fig. 49 shows the SEM images of CuS architectures prepared in different solvents.
According to their results, the CuS products synthesized in DMF were nanoplates and the samples pre-
pared in ethanol were flower-like morphology composed of large numbers of nanoplates, but those
synthesized in EG were CuS architectures with high symmetry made up of several nanoplates ar-
ranged in a certain mode.

The sol–gel process (or sol–gel deposition) is widely used to synthesize 2D NSMs based on the
polymerization of molecular precursors via wet chemical methods [260–262]. For example, Wang
et al. [261] synthesized 2D MoO3 nanoplatelets on silicon substrate using a sol–gel process. In a syn-
thesis of 2D MoO3 nanoplatelets, a stoichiometric amount of molybdenum isopropoxide (Mo(OC3H7)5

and 1-butanol was dissolved in a distilled water to form a 0.2 M solution. After mechanically agitating
for 5 min, the solution was ultrasonicated for 2 h and then aged in a closed container for 24 h. At the
same time, poly(ethylene oxide) was dissolved in ethanol by continuously stirring at 50 �C to form a
viscous solution with a concentration of 0.05 g mL�1. This resulting solution was mixed with the
molybdenum oxide sol in the volume ratio of 1:1. Nanocomposite film was then formed on the bare
Si substrate by the dip-coating method. Then the composite film was calcined at 500 �C, to obtain crys-
tallized molybdenum oxide. Fig. 50 shows the SEM images of 2D MoO3 nanoplatelets at different
magnifications.

More recently, Azimirad et al. [262] also used the sol–gel process to prepare the 2D W17O47 nano-
thick plates with preferred orientation on glass substrate. In a typical synthesis, first 6 g of sodium
tungsten dehydrate was immersed in 30 mL of nitric acid solution for 15 min to exchange the Na+ ions
with H+. Then the resulting solution was dissolved in 10 mL of H2O2, after which 1 mL of ethanol was
added to the solution. It was then exposed to light using a commercial 100 W lamp for 2 h in order to
concentrate the aqueous solution. Next, after another 24 h aging, the deposition process was per-
formed by dipping the cleaned glass substrates into the solution for 60 s. Then the deposited films
were dried at 100 �C in air for 1 h. The thickness of the dried films was measured �200–300 nm.
The reaction for the growth of nanothick plates was performed in a horizontal quartz tube furnace
at 700 �C. They also found that the 60 min annealed sample has the maximum number of nanothick
plates per unit area over the surface.

Over the past decade, CVD processes have received considerable attention for the synthesis of 2D
NSMs. Barreca et al. [263] synthesized a 2D zinc oxide nanoplatelets on Si substrate by CVD starting
from a second-generation ZnII precursor, Zn(hfa)2.TMEDA (Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-pentane-
dione; TMEDA = N,N,N0,N0-tetramethylethylenediamine). The synthesis was carried out in the presence
of nitrogen and wet oxygen atmosphere under optimized conditions, at temperatures between 250
and 450 �C. According to their results, the morphology of NSMs as well as the average nanodeposit
thickness could be influenced by the growth temperature. More recently, Gao et al. [264] fabricated
large quantities of hexagonal boron nitride nanosheets via a chemical vapor deposition process at



Fig. 49. SEM images of the CuS architectures prepared in different solvents: (A and B) ethanol, (C–F) ethylene glycol, and
(G and H) dimethylformamide. Reprinted from Ref. [259] with permission of Elsevier.
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1100 and 1300 �C. In a typical experimental procedure, B2O3 and melamine were mechanically mixed,
and the mixed powders as precursors were placed into a crucible. The crucible containing the precur-
sors was placed at the middle of a high-purity graphite induction-heated cylinder. Then, evacuation of



Fig. 50. SEM images of the 2D MoO3 nanoplatelets under (A) low- and (B) high- magnifications. Reprinted from Ref. [261] with
permission of ACS Publishers.
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the quartz tube to about 2–3 Torr, high-purity Ar was introduced as a carrier gas at a flow rate of
30 sccm. N2 gas was then introduced as a reaction gas with a flow rate of 25 sccm. An induction fur-
nace was used for heating the graphite susceptor to temperatures of 1100 and 1300 �C for 1.0 h. Thus a
large yield product with white color can be obtained. Fig. 51 displays the SEM images of boron nitride
nanosheets grown at 1100 and 1300 �C. By controlling the synthesis and chemical reaction parame-
ters, the thickness of the BN nanosheets can be adjusted in a range of 25–50 nm.

LCVD has been utilized to fabricate the 2D NSMs. For instance, Guan et al. [265] using a LCVD to
produce 2D linear arrays of ZnO nanoparticles on a silicon substrate (Fig. 52). In a fabrication of 2D
linear arrays of ZnO nanoparticles, a series of consecutive steps is involved in the synthesis and align-
ment of ZnO nanoparticles. First, a Lloyd’s mirror arrangement was employed to produce two types of
periodic nanostructure, i.e., nanoprotrusions. Then, the nanostructured substrate was laser irradiated
at a fluence of 60 mJ cm�2 in the presence of the metall-organic precursor gas diethylzinc. The gas
pressure and the number of laser pulses were 2 � 10�3 Torr and 10,000, respectively. The synthesis
of single-crystalline 2D NSMs are much more difficult via LCVD. Therefore, little research has been
done to establish the impact LCVD on synthesis of 2D NSMs.

Laser pyrolysis allows us to the easy synthesis of a 2D NSM. For example, Combemale et al. [266]
fabricated the 2D zirconium carbide (ZrC) nanosheets by laser pyrolysis. In their typical synthesis pro-
cess of ZrC nanosheets, carburization of tetragonal zirconia/free carbon nanocomposites was fabri-
cated by laser pyrolysis method using zirconium but oxide as precursor and ethylene as sensitizer
gas. Then, obtained products were annealed at 1600 �C. Fig. 53 shows a TEM image of a single ZrC
nanosheet. As shown in Fig. 53, the final ZrC grain size was �35 nm, showing nanosheet ZrC nanograin
oriented in the (110) direction.

Consequently, all above results suggested that the chemical process is a simple and very useful
method for synthesis and fabrication of 2D NSMs. The morphology, particle size, and metallic compo-
sition of the 2D NSMs can be tuned based on the precursor solutions, substrate materials, and depo-
sition conditions.
4.4. Synthesis of 3D NSMs

4.4.1. Synthesis of 3D NSMs by physical processes
In recent years, with the progress of nanotechnology, there has been increasing interest in the syn-

thesis of 3D NSMs (for instance spring-like nanocoils, ball-like nanodendritic structures, and nano-
flowers) because they are exhibit newer and/or better physical/chemical properties [267–270].
Concerning the fabrication of these nanoarchitectures, evaporation technique, sputtering technique,
lithography process, hot plasma, cold plasma, spray pyrolysis, inert gas phase condensation technique,



Fig. 51. Plan-view SEM images of 2D boron nitride nanosheets grown at (A–C) 1300 �C and (D) 1100 �C. Reprinted from Ref.
[264] with permission of ACS Publishers.

Fig. 52. SEM images of 2D linear arrays of ZnO nanoparticles. Reprinted from Ref. [265] with permission of IOP Publishing Ltd.
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pulsed laser ablation, mechanical deformation technique, and sonochemical reduction are generally
used to control their nucleation, growth and alignment. Zhang et al. [271] used a thermal evaporation
technique to synthesize aligned 3D single-crystal Cr nanostructures onto a silicon substrate. A VEECO
770 thermal evaporating system was used for the synthesis. The pure Cr pellets (99.99%) were used as
the source materials and an alumina crucible was used as the source holder. Tungsten filament was
employed to thermally heat the source holder. The silicon sample is mounted into a movable holder



Fig. 53. TEM image of 2D ZrC nanosheets, together with the corresponding indexed fast Fourier transform. Reprinted from Ref.
[266] with permission of Elsevier.
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inside the vacuum chamber. The incident angle of Cr vapor flux with respect to the silicon sample sur-
face was fixed at 88�. The gap between the sample and the source holder was �18 cm. Cr was evap-
orated by applying a constant current of 23 A, and a vacuum level of 7 � 10�6 mbar. The deposition
rate was fixed at 5 Å s�1. The length of 3D Cr nanostructures is �2 lm. They also reported that the
morphology, shape and size of the resulting nanostructres could be manipulated via synthesis condi-
tions. Abdulgafour et al. [272] also used the thermal evaporation method to synthesis 3D ZnO nano-
flowers/Si. For the synthesis of 3D ZnO nanoflowers/Si, the Si sample was ultrasonically cleaned and
placed at the top of an alumina boat with the polished faces toward the Zn powder. Then, the boat was
inserted to a quartz tube furnace and furnace was slowly ramped from 400 �C to 850 �C with argon
and oxygen flowing. The flow-rate of 250 sccm was maintained for 1 h.

The sputtering technique is becoming an increasingly attractive method for the synthesis of nano-
structures because it allows for the precise control of surface morphology. For example, Wang et al.
[273] used a magnetron sputter technique to fabricate aligned 3D Cu nanostructures onto a Si sub-
strate. The deposition of 3D Cu nanostructures was performed in an ultrahigh vacuum glancing angle
magnetron sputter deposition system with a base pressure of 10�9 Torr. Then, sputtering was per-
formed in 2 mTorr pure Ar using two Cu targets, placed at an angle of 180� with respect to each other
and with their surfaces being perpendicular to the substrate surface. They also reported that the large
incident angle assists the formation of Y-shaped branched structures because of atomic shadowing. In
their experimental study, the average incident angle, h, is controlled by the relative positions of the
targets, the substrate and a collimating plate, and was chosen to be 84�. During the deposition process,
the substrate was constantly rotated with a speed of 60 rpm so that incident atoms arrive at the sub-
strate from azimuthal angles. No external substrate heating was used. Fig. 54A shows the morphology
of the as-prepared 3D Cu nanostructures with diameter of �200 nm. As shown in Fig. 54B, the ob-
tained 3D Cu nanostructures exhibit various orientations. It can be classified into three categories:
Y-shaped {110} nanorods, single crystal {111} and {001} nanorods, and polycrystalline nanorods.

Lithography is a simple, inexpensive, high-throughput, alternative routine for creating periodic 3D
nanostructure arrays. Over the past decade, large-area 3D nanostructure arrays have been successfully
fabricated by lithography approach [274–276]. Xu et al. [275] fabricated 3D free-standing, pyramidal,
metallic microstructures by using a combination of conventional photolithography/soft lithography
and etching techniques. The base dimensions of 3D metallic, pyramidal microstructures of 1–2 lm,
wall thicknesses of �100–200 nm, and tip-curvature radius of �50 nm. Recently, Zhang et al. [276]
used a stepwise colloidal lithography to stepwise grow highly ordered multiplex quasi-three-dimen-
sional grids of metallic one-dimensional nanostructures, e.g., nanowires and nanorods. Details about
the fabrication of 3D grids of multiplex zigzang nanowires by angle-resolved colloidal lithography
method are shown in Fig. 55. As shown in Fig. 55, the 3D nanostructures are successfully made by col-
loidal lithography method. Thus, the stepwise angle-resolved colloidal lithography method has been



Fig. 54. SEM morphologies of 3D Cu nanostructures (A) and zoom-in region (B). The broken lines and labels in (B) are drawn to
help visualize the facets. Reprinted from Ref. [273] with permission of ACS Publishers.

Fig. 55. (A) Schematic illustration of synthesizing 3D grids of multiplex zigzag nanowires via a stepwise rotation of the colloidal
masks by 120� with respect to the reference vector (R) between nearest-neighboring spheres over the course of metallic vapor
deposition. The incidence angel between metal vapor and the reference vector (R) is set to u = 0�. SEM images of 3D grids of
multiplex zigzag nanowires formed via stepwise depositing gold, silver, and nickel at u = 0�, u = 120�, and u = 240� using close-
packed polystyrene sphere monolayers as masks are shown. The structure acquired through two and three deposition processes
are displayed in (B) and (C), respectively. Reprinted from Ref. [276] with permission of ACS Publishers.
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developed for fabrication of sophisticated 3D nanostructures with defined vertical and lateral
heterogeneity.



774 J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803
Lei et al. [64] fabricated the 3D urchin-like nanostructured AlN in DC arc plasma via the direct reac-
tion between Al vapor and N2 gas. In the plasma system, the process of nitridation involves the evap-
oration of Al, decomposition of N2, and nucleation of AlN. The formation of 3D urchin-like
nanostructured AlN is optimized by the reaction time and the pressure of N2. After growth for
100 min, the whole substrate is coated by a gray-colored crust. The synthesized 3D urchin-like nano-
structured AlN (Fig. 56) is composed of many micro-daggers with sharp tips and lengths of up to sev-
eral micrometers and widths of 0.5–2 lm.

Zhang et al. [277] prepared the vertically aligned single-walled carbon nanotubes (SWNTs) by a
conventional 4-in. thermal CVD system with an inductively coupled rf. The Fe films coated on SiO2/
Si is used as a substrate. During vertically aligned SWNTs growth, the compositions of CH4/H2/O2 gases
in the tube furnace are �66%, �12%, and �1%. Ar gas �21% is used as a carrier gas with a total pressure
of 0.3–0.4 Torr. The gas flow rates of CH4/H2/O2 are160 sccm/30 sccm/2.4 sccm. The percentage of par-
tial pressures of different gases followed CH4:H2:O2 = 66%:12%:1% (the rest is Ar). The RF plasma was
generated at a power of 60–70 W for 10–30 min for vertically aligned SWNTs growth. Hence, hot and
cold plasma methods [276–279] are a simple and powerful technique to form 3D NSMs on desirable
substrate (including metals and plastics) with strong interfacial adhesion.

Recently, several groups have reported the fabrication of 3D NSMs by spray pyrolysis method
[62,280,281]. Zhang et al. [281] created a 3D hollow spherical architecture with single-crystal alumi-
num borate nanowires as building blocks, which are in situ formed in liquid droplets by a spray pyro-
lysis technique. The pyrolysis experiment is carried out in flowing argon at 1200 �C. Their results also
suggested that it is possible to directly grow curved, hollow, and 3D-ordered assemblies built from 1D
nanocrystal through spray pyrolysis method. Wang et al. [62] fabricated the highly compressed and
regular coiled carbon nanotubes (CCNTs) by spray pyrolysis in the presence of cupric acetate and eth-
anol. The CCNTs were synthesized at a temperature of 850 �C. The obtained CCNTs products were in
high quality and high yield and were composed of graphitic layers and fine regular coils (Fig. 57).
In addition, the CCNTs had a uniform shape with a sharp radius of curvature and a small coil pitch
Fig. 56. (A) SEM image of 3D urchin-like nanostructured AlN, (B) low-magnification SEM image of 3D urchin-like
nanostructured AlN, (C) high-magnification SEM image of 3D urchin-like nanostructured AlN, (D) EDX spectrum of the 3D
urchin-like nanostructured AlN. EDX spectrum will display that the presence of Al and N in 3D urchin-like nanostructured AlN.
Reprinted from Ref. [64] with permission of ACS Publishers.
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(Fig. 57). The external diameter and the inner diameter of the CCNTs are about 30–50 nm and 10–
20 nm, respectively. Thus, the spray pyrolysis method is also a powerful technique for synthesis of
3D NSMs.

Al-Sharab et al. [182] prepared the 3D WO2.9 nanoballs onto an un-cooled substrate by using an IGC
method in the TEM. The 3D WO2.9 nanoballs were formed by large aggregates (2–10 lm diameter) of
faceted nanoparticles (50–200 nm diameter) when the water cooling to the substrate was turned off.
The faceted nanoparticles aggregation may be attributed to the partial sintering when deposition and
substrate temperatures were increased due to the absence of water cooling. The morphology of the
resulting nanostructures was influenced by the substrate temperature and location from the evapora-
tive source [182]. Consequently, the IGC method is potentially an attractive method for the production
of different kinds of NSMs.

With the pulsed laser ablation method, 3D nanoporous materials are synthesized by the ablation of
one or more targets illuminated by a focused pulsed-laser beam. Tavangar et al. [282] used pulsed the
laser ablation method to deposit 3D porous SiO2 nanostructures onto Si substrate. In typical fabrica-
tion of 3D porous SiO2 nanostructures, the silicon targets are placed behind a glass acceptor. Then,
femtosecond laser pulses pass through the transparent acceptor and hit the bulk donor. Thus, a large
quantity of nanoparticles ablates from the donor and then aggregates and forms a 3D porous SiO2

nanostructure on the transparent acceptor. Fig. 58 shows the energy-dispersive X-ray spectroscopy
(EDX) spectrum for the pure Si and 3D porous SiO2 nanostructures. EDX spectrum shows the oxygen
concentration in the porous structure which is ascribed to the oxidation of ablated material due to the
presence of oxygen in an ambient atmosphere.
Fig. 57. (A�C) Typical TEM images of CCNTs and their 3D models (insets) and (D) HRTEM image of the individual tube wall.
Reprinted from Ref. [62] with permission of ACS Publishers.
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The sonochemical process, which is facile and operated under ambient conditions, has been proven
to be a useful route for the preparation of 3D NSMs with unusual properties [283]. Zhu et al. [283] fab-
ricated the 3D EuF3 nanoflowers via sonochemical route employing the reaction of Eu(NO3)3 and KBF4

under ambient conditions. The sonication process not only accelerates the reaction between the raw
materials but also greatly enhance the nucleation and growth activity of EuF3. Fig. 59 shows the SEM
images of 3D EuF3 nanoflowers at various magnifications. The 3D EuF3 nanoflowers are spherical with
an average diameter between �0.9 and �1.0 lm, and the average thickness of the petals is �0.14 lm.
The high-magnification SEM picture (Fig. 59C) represents that the surface of the flower is very smooth.
EDX shows that the nanoflowers are composed of Eu and F (Fig. 59D).

More recently, Mao et al. [284] fabricated the 8-hydroxyquinoline aluminum (Alq3) nanoflowers
via a facile and fast sonochemical route. The Alq3 nanoflower was mainly composed of nanobelts.
The thickness, average widths and length are �50 nm, �200 nm, and �10 lm, respectively. Fig. 60
shows a schematic representation of the synthesis and formation mechanism of Alq3 nanoflowers
by the sonochemical route. The three major steps are involved in the formation of Alq3 nanoflowers:
first acoustic induced formation of nuclei, which led to produce primary nanoparticles. Secondly,
acoustic-induced fusion of these primary nanoparticles accompanying oriented attachment to form
the nanobelts. Third, the individual nanobelts were further attached side-by-side to assemble into
bundles, accompanying an Ostwald ripening process [284]. On the basis of the above results, we
can say that the sonochemical synthesis route is easily controllable and well reproducible and feasible
to develop novel 3D NSMs.
Fig. 58. EDX spectrum for the pure Si (left) and nanoporous SiO2 deposited on a Si substrate (right). Reprinted from Ref. [282]
with permission of IOP Publishing Ltd.



Fig. 59. SEM images of 3D EuF3 nanoflowers at various magnifications (A�C) and (D) EDX of the EuF3 nanoflowers. Reprinted
from Ref. [283] with permission of ACS Publishers.
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4.4.2. Synthesis of 3D NSMs by chemical processes
Template-assisted growth methods such as porous aluminum oxide templates [285], zeolites [286],

and soft templates like polymer [287,288] and organic surfactants [289], have been developed for pre-
paring 3D NSMs. Zhong et al. [290] systematically reported that template-assisted growth process for
a large scale production of Cd4Cl3(OH)5 microflowers. In a typical synthesis of nanoroses, first the glass
substrate was cleaned by using the DI water, acetone, and dried with nitrogen. Next, the cleaned glass
substrates were immersed in the CdO solution and then were annealed at 100 �C for 1 h and at 200 �C
for 1 h. The CdO sol coated glass was immersed in the mixed solution of CdCl2 (0.022 mol L�1) and
C6H12N4 (0.033 mol L�1) in an autoclave. The autoclaves were moved to an oven at 95 �C. After the
3 h, the autoclaves were removed from the oven and cooled to room temperature. Finally, the sample
is taken out of the solution, rinsed with DI water and ethanol to remove contaminants from the reac-
tion solution, and dried with N2 gas.

Yamauchi’s group used a simple approach to the rational synthesis of mesoporous Pt based on the
LLC template [291–294]. The main process is formation of LLC and subsequent reduction of the plat-
Fig. 60. A schematic diagram of the growth mechanism of Alq3 nanoflowers. Modified from Ref. [284].
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inum complex dissolved in aqueous phases in LLC. The typical synthesis of the 3D mesoporous Pt
underwent the following steps [291]. A first initiator solution was prepared by mixing DI water,
hydrogen hexachloroplatinate(IV) hexahydrate, poly(styrene-b-ethylene oxide) block copolymer,
and tetrahydrofuran as volatile solvent. Then, the initiator solution was coated onto an indium tin
oxide (ITO) substrate by drop method. LLC film was formed over the entire area of the substrate via
the evaporation of tetrahydrofuran. Then the Pt was deposited on the LLC-modified ITO substrate
by electrochemical method. Electrochemical deposition was carried out at a fixed potential
(�0.10 V vs. Ag/AgCl). Finally, the deposited Pt was cleaned with tetrahydrofuran, ethanol, and DI
water to extract the undeposited Pt species and the diblock copolymer. The pore sizes are controlled
by using appropriately architectured block copolymers. Wang et al. [61] prepared a 3D dendritic plat-
inum nanostructures by simply mixing K2PtCl4 aqueous solution and poly(vinyl pyrrolidone) at a con-
stant 30 �C for 1 h in the presence of ascorbic acid. TEM images of 3D dendritic Pt nanostructures are
shown in Fig. 61. The lower magnification image (Fig. 61 A) indicates that the Pt nanostructures were
well-dispersed as individual spherical entities appeared to be 3D complex nanodendrites, and strik-
ingly uniform in morphology. In addition, high-magnification TEM image (Fig. 61 B) shows that the
well-oriented 3D dendritic Pt nanostructures with the surface packed by highly assembled dendritic
feelers branching in various directions.

Electrochemical process is also considered as a real deposition method to grow the high quality 3D
NSMs. One of the advantages of this technique is low cost. The instrument is very cheap and any main-
tenance is hardly required. More recently, one of the authors [295,296] used the facile electrochemical
method to fabricate the 3D Pt nanoflowers. Under the typical bipolar pulse electrodeposition condi-
tions, 3D Pt nanoflowers could be synthesized on the flat Si wafer and ordered Si nanocones substrate.
Zhang et al. [297] fabricate the porous Pt nanoflowers with high surface areas onto a clean ITO by a
facile, one-step and template-free electrodeposition method. Typical synthesis of porous Pt nanoflow-
ers were carried out at room temperature in 3.0 mM H2PtCl6 + 0.5 M H2SO4 at �0.2 V. Fig. 62 shows
the SEM images of Pt nanoflowers under various conditions. These morphological changes clearly indi-
cated that the shapes of the Pt nanoflowers are greatly affected by the times.

In recent years, electroless deposition is attracted substantial interest because of their use in facile
fabrication of 3D ordered NSMs at low temperatures [298–303]. Yan et al. [301] fabricated the Cu den-
dritic nanostructures via electroless deposition. In a typical synthesis of Cu dendritic nanostructures,
first copper chloride was mixed in a DI water/hydroperoxide solution and the pH value was fixed to
2.3 using acetic acid. Then, the cleaned zinc foil is immersed in the mixed solution and put into an
autoclave. After that, the autoclave was sealed to an electric oven and the temperature was main-
tained at 120 �C for 4–18 h. The autoclave was cooled to room temperature. Finally, the resulting prod-
ucts were taken out, and the precipitate was collected, filtered off, and washed with water, then with
absolute ethanol several times and dried in air at 80 �C for several hours. Gutes et al. [302] prepared
the Ag dendrites on Al foil by electroless deposition (Fig. 63). The process is based on a redox process.
Fig. 61. (A) Low- and (B) high-magnification TEM images of the 3D dendritic platinum nanostructures. The inset of (A) is a
picture of a Koosh ball. Reprinted from Ref. [61] with permission of ACS Publishers.



Fig. 62. SEM images of Pt nanostructures coated on ITO at different stages of formation: (A) t = 25 s, (B) t = 400 s, (C) t = 1000 s,
and (D) t = 4000 s. Insets are the higher magnification SEM images. Reprinted from Ref. [297] with permission of Elsevier.

Fig. 63. SEM image of Ag dendrites formed on the surface of Al foil. Reprinted from Ref. [302] with permission of ACS
Publishers.
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In redox process the reductant transfers electrons to the oxidant. Thus in the reaction, Al is oxidized
while Ag ions are reduced, yielding a final silver dendritic structure that offers a high surface area-
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to-volume ratio. Wu et al. [303] reported the fabrication of vertically aligned Si rice-straw-like arrays
by electroless deposition in the presence of HF-H2O2 as an etching solution. Thus, the electroless depo-
sition process is another chemical method for fabrication of 3D NSMs.

The hydrothermal technique can be used for direct synthesis of complex 3D NSMs. For example,
Zhou et al. [304] prepared the nanosheet-based 3D zinc hydroxide carbonate microspheres by a
hydrothermal process. For the synthesis of nanosheet-based zinc hydroxide carbonate microspheres,
zinc nitrate hexahydrate and urea were used as starting materials. The average diameter of ZnO micro-
spheres is �15 lm, and the length of a ZnO nanosheets, which is made up of thin mutilayered sheets is
�7 lm. They also found the dissociation–deposition mechanism using in situ formation of nanosheet-
based 3D zinc hydroxide carbonate microspheres. Cheng et al. [305] also used the hydrothermal tech-
nique to make the ZnO nanostructures on SnO2 backbone nanowires at 95 �C. The ZnO nanorods were
epitaxially grown on the SnO2 backbone nanowire. The hybrid SnO2�ZnO nanostructures exhibit an
enhanced near-band gap emission compared to that of SnO2 nanowires. Very recently, Wang et al.
[306] used the hydrothermal and annealing process to fabricate the 3D crystalline anatase TiO2 hier-
archical nanostructures (Fig. 64). The 3D crystalline anatase TiO2 hierarchical nanostructures mor-
phologies were obtained by self-assembly of several tens of thin petals. The hierarchical
nanostructures exhibited enhanced ethanol sensing properties.

The solvothermal method is very attractive due to its flexibility and efficiency for the fabrication of
3D NSMs with desired properties [307–309]. Through this process, the precursor is used up and trans-
formed into desired nanostructures. Thongtem et al. [309] used the solvothermal process to fabricate
the flower-like 3D CuS nanostructures. In a typical synthesis, CuCl2�2H2O and CH3CSNH2 were mixed
in ethylene glycol, and followed by the addition of NaOH to adjust the pH. Then, the reactions carried
out in an acid digestion bomb. Zhao and Miyauchi [307] prepared the tungstic acid hollow spheres via
a non-aqueous and solvothermal technique. This process is based on a direct reaction
(WCl6 + urea + ethanol) under mild conditions. They also report that the morphology and size of the
resulting products can be controlled by changing the urea amount, ethanol amount, reaction temper-
ature, reaction time, and pH value. More recently, Huang et al. [310] synthesized the mesoporous and
polycrystalline flower-like SnO2 nanostructures (Fig. 65) via annealing of sol–gel films. In a typical
synthesis of flower-like SnO2 nanostructures, flower-like SnS2 is prepared by the sol–gel process. Then,
the SnS2 NSMs are put in a quartz boat, and placed at the center of horizontal tube. Finally, flower-like
SnS2 nanostructures are calcinated at 500–600 �C for 3 h.
Fig. 64. (A and B) Low-magnification SEM images of 3D crystalline anatase TiO2 hierarchical nanostructures. (C�F) High-
magnification SEM images for individual hierarchical nanostructures. Reprinted from Ref. [306] with permission of ACS
Publishers.



Fig. 65. (A) Low- and (B) high-magnification SEM images of SnS2 nanostructures. (C) low- and (D) high-magnification SEM
images of SnO2 nanostructures. Reprinted from Ref. [310] with permission of Elsevier.

J.N. Tiwari et al. / Progress in Materials Science 57 (2012) 724–803 781
CVD is an economically attractive method to grow 3D NSMs such as aligned nanowalls and nano-
wires [311–314]. Very recently, our group has fabricated the 3D graphitic nanosheets using a facile
CVD in the presence of methane gas [314]. Fig. 66 shows the SEM (A) and AFM (B) images of synthe-
sized 3D graphitic nanosheets. The thickness of graphitic nanosheets ranged from �1 nm to �5 nm.
Chan et al. also used the facile CVD process to fabricate the highly oriented, single-crystal Ni nanowire
arrays onto the SiO2/Si substrates at a temperature of 650 �C. The physical property of Ni nanowire
confirms their excellent crystalline quality, high material purity, and represents their suitability for
various wide-ranging applications. Thus, CVD is also a more powerful and effective technique for syn-
thesis of oriented NSMs.

Generally, LCVD techniques are used for synthesis of carbon material [315–317]. Normand et al.
[318] fabricated the vertically oriented CNTs onto flat SiO2/Si substrate by a LCVD technique in the
presence of 20% C2H2/H2 gas. The vertically oriented CNTs growth was carried out in an ultra high vac-
uum CVD chamber with ultra high vacuum base pressure lower than 10�7 Pa. The Fe particles are
embedded in a protective carbon matrix and used as catalyst to grow CNTs. The electron field emission
of vertically oriented CNTs/SiO2/Si substrate exhibits an interesting behavior with a low turn-on volt-
age at around 1 V lm�1.

Bystrzejewski et al. [319] used the laser pyrolysis to prepare the 3D carbon nanospheres (CNSs).
Anthracene is used as a starting material to make CNSs. A relatively low-power continuous CO2 laser
beam is used to decompose anthracene in the presence of N2 gas. The laser beam energy partially
breaks the C–H bonds in the anthracene molecules and as the newly created large radicals aggregate,
CNSs are formed. The diameters of CNSs are between 100 nm and 400 nm. In addition, by changing the
temperature and concentrations of the active species in the reaction zone, it is possible to control the
resulting morphology of products. Thus, laser pyrolysis methods have been widely used in the fabri-
cation of different kinds of 3D NSMs.



Fig. 66. Plan-view (A) SEM and (B) AFM images of the 3D graphitic nanosheets.
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5. Applications of 0D, 1D, 2D and 3D NSMs

5.1. Fuel cells

5.1.1. Introduction
Fuel cell is one of the EED which can continuously convert the chemical energy of fuels directly into

electrical energy with high efficiency and low emission of pollutants, which may help to reduce the
dependence from fossil fuels. The operation without combustion, can contribute to reduce environ-
mental impacts. Their science and technology have already been extensively reported in many review
papers and articles [320–324], to which the interested reader is referred for more details. In brief, a
fuel cell consists of a three active components. The main active components are fuel electrode (anode),
oxidant electrode (cathode). The proton conducting solid membrane used as electrolyte, is sand-
wiched between the anode and cathode electrodes (Fig. 67).

Although the technology of such fuel cells was developed to an extent, some problems remain un-
clear and only their solution can result in wide-scale commercialization of fuel cells, especially as the
efficient current sources for portable devices. The most important problem is the development of effi-
cient catalysts, which would provide the long-term operation of fuel cells without sacrificing their
characteristics. The CO poisoning intrinsic to Pt based cathodes pose a further barrier to fuel cell de-
Fig. 67. Schematic diagram of the DMFCs.
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vices. Hence it is important to open up new methods for making low cost and effective electrocata-
lysts. It is well known that the catalytic activity attainable depends significantly on the size of the
Pt catalysts and their support. However, there are two routes to overcome this problem. First, the di-
rect synthesis of novel 0D, 1D, 2D, and 3D NSMs (Pt or Pt alloy catalysts) with high surface area for fuel
cell devices. Secondly, the synthesis of novel NSMs with high surface area as a support of Pt or Pt alloys
catalysts for fuel cell devices. By considering both types of nanostructures, we will discuss these NSMs
in more detail in the following sections.

5.1.2. 0D NSMs
During the past decade, the clusters stabilizing Pt nanoparticles have attracted a considerable inter-

est as catalysts for low temperature fuel cell devices, such as polymer electrolyte fuel cells (PEMFCs)
and direct methanol fuel cells (DMFCs). The clusters stabilizing Pt nanoparticles are formed in order to
maximize the active number of surface versus the inactive number of Pt bulk atoms. However, one of
the major problems associated with the clusters stabilizing Pt catalysts are their stability in the acid
environment of DMFCs and PEMFCs. This is because of after only 100 h of testing the reaction rate
dropped to half in such fuel cell devices. During this process the CO-ads species were continuously
formed, which strongly absorbs to the clusters stabilizing Pt active sites to poison the fuel cell perfor-
mance devices.

Due to these problems of the clusters stabilizing Pt nanoparticles, researchers decided to investi-
gate the bimetallic clusters and colloids with nanometer-scale dimensions for fuel cell device applica-
tions. There are two main reasons for using the bimetallic clusters and colloids with nanometer-scale
dimensions, firstly, because they may serve as models for studying the formation of different alloy cat-
alysts. Secondly, it is possible to save precious metal, such as Pt, by optimizing the synthetic condi-
tions so that only very thin surface layers occur [325,326]. In most cases, Pt and Pt-based alloy
nanoparticles are used in the form of small nanoparticles, since small size offers high surface area
which is especially crucial for catalysis and fuel cell applications [327,328].

A very recent report by Tiwari et al. [329] showing perfect Pt nanocubes had much higher electro-
catalytic activity and stability for methanol and ethanol oxidation than other nanostructures such as
truncated Pt nanocubes, truncated Pt (cubes + tetrahedra) and spherical Pt nanoparticles. Wang et al.
[328] reported the controlled synthesis of dendritic Au@Pt core–shell nanomaterials. The CTAB and
ascorbic acid had played a very important role in the synthesis of dendritic Au@Pt core–shell nanopar-
ticles. The dendritic Au@Pt core–shell showed enhanced electrocatalytic activity for methanol oxida-
tion in acid medium with a comparison to conventional spherical Au@Pt core–shell and monometallic
Pt nanoparticles. Chen et al. [330] synthesized the Co–Pt catalyst with a hollow sphere structure via a
very simple thermolytic reaction. The Co–Pt hollow sphere catalyst showed the high surface area with
a comparison to the pure Pt nanoparticle catalyst and Co–Pt nanoparticles (Fig. 68). In addition, the
Co–Pt hollow sphere catalyst showed enhanced electrocatalytic activity for methanol oxidation with
a comparison to the pure Pt nanoparticle catalyst and Co–Pt nanoparticles at the same Pt loading
(Fig. 68).

5.1.3. 1D NSMs
In the last few years, attention has been shifted towards the synthesis of 1D NSMs because of their

fundamental importance and potential applications in fuel cells. To date, 1D NSMs (such as nanowires,
nanorods, nanobelts, and nanotubes) have been most extensively studied because of their simplicity in
preparation and its improved catalytic properties as compared to bulk metallic materials [331–338].
Ksar et al. [336] fabricated the Pd nanowires in a hexagonal mesophase (as soft templates) by electron
beam irradiation. They also reported that the average lengths of the Pd nanowires are controlled by
the amount of co-surfactant that assists the reduction/growth processes. In addition, the electrochem-
ical studies indicated that the Pd nanowires had a very good electrocatalytic activity and stability for
ethanol oxidation. Liu et al. [337] prepared the nanoporous Pt–Co alloy nanowires by dealloying elec-
trodeposited Pt1Co99 nanowires in the presence of porous AAO membrane in a mild acidic medium
(Fig. 69) and examined their electrochemical properties.

Fig. 70 compares the performance of the various electrodes toward methanol oxidation. In the CV
scan, the anodic peaks in the forward scan and in the reverse scan are associated with methanol oxi-
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dation and removal of incompletely oxidized carbonaceous species (CO-like poisoning species) on the
electrocatalysts. The catalyst tolerance against CO adsorption may be calculated by the ratio of the
current density of the forward anodic peak (If) to that of the reverse anodic peak (Ib), (If/Ib)
[51,295,296,345]. For the Pt–Co nanowires (15 h), the (If/Ib) ratio is higher than that of other electocat-
alysts (Fig. 70A, B), indicating that the Pt–Co nanowires (15 h) had a superior tolerance against CO poi-
soning. In addition, as seen in Fig. 70, nanoporous Pt–Co alloy nanowires exhibit an enhanced
electrocatalytic activity toward methanol oxidation (in comparison to state-of-the art Pt/C and
PtCo/C catalysts).

Lu et al. [338] synthesized the nanoneedle-covered Pd–Ag nanotubes via a galvanic displacement
reaction with Ag nanorods. Then, the electrocatalytic activity of Pd–Ag nanotubes toward formic acid
Fig. 68. (A) CVs of Co–Pt hollow spheres (Co32Pt68), Co28Pt72 nanoparticles, and Pt nanoparticles in a 0.5 M H2SO4 solution; (B)
CVs of Co–Pt hollow spheres (Co32Pt68), Co28Pt72 nanoparticles, and Pt nanoparticles in a 0.5 M H2SO4 + 1 M methanol solution
at a scan rate of 200 mV s�1. Reprinted from Ref. [330] with permission of ACS Publishers.

Fig. 69. (A–C) Schematic diagram explain the nanoporous Pt–Co nanowires fabrication process; (D) enlarged view of the
ligaments. Reprinted from Ref. [337] with permission of ACS Publishers.
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oxidation was studied by CV and electrochemical impedance spectroscopy (EIS). The Pd–Ag nanotubes
show high electrocatalytic activity toward the formic acid oxidation in the CV and chronoamperomet-
ric studies. From EIS measurements, the charge-transfer resistance obtained on Pd–Ag nanotubes is
also very good, suggesting the highly facilitated electron-transfer kinetics for formic acid oxidation
at the Pd–Ag nanotubes. Much work has been done on fabrication of 1D NSMs by different groups.
However, these 1D NSMs suffering from the high performance electrocatalytic activity is due to its
low surface area as compared to 2D NSMs.

5.1.4. 2D NSMs
2D NSMs such as junctions (continuous islands), branched structures, nanoprisms, nanoplates/

nanosheets, nanowalls, and nanodisks are an especially promising form of nanoscale with a rare com-
bination of extremely high specific surface area, exceptional thermal/electrical conductivity and sta-
bility [339,340]. The utilization of 2D NSMs as a support to anchor catalyst nanoparticles and
facilitate electron transport opens up interesting new possibilities for designing and building of next
generation catalysts for fuel cells. In addition, 2D NSMs can avoid aggregation and maintain high spe-
cific surface areas; these factors are important in increasing the accessibility of adsorbates to reactive
sites [339,340]. Li et al. [339] fabricated the close-packed Au nanoprism thin films on the indium tin
oxide coated glass substrates. Au nanoprism are single crystalline, whose basal surfaces are atomically
flat {111} planes and lateral surfaces are {110} planes. A small amount of Pt or Pd was deposited onto
the Au nanoprism thin film electrodes and studies their catalytic properties. They noticed that the Pt
Fig. 70. Electrochemical performance of the nanoporous Pt–Co alloy nanowires dealloyed for 30 min, 2 h, and 15 h toward
methanol oxidation. (A and B) CVs for methanol oxidation in 0.5 M H2SO4 and 1 M CH3OH solution at a scan rate of 50 mV s�1.
(C and D) CAs for methanol oxidation in 0.5 M H2SO4 and 1 M CH3OH solution at potential of 0.65 V. The CVs and CAs of
commercial Pt/C and PtCo/C catalysts are included for comparison. Reprinted from Ref. [337] with permission of ACS Publishers.
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on Au nanoprism exhibited greatly enhanced catalytic activity toward the oxidation of methanol and
much better CO poison resistance than commercial Pt-based catalysts (Fig. 71).

Wong’s group [340] have synthesized Pd nanoplates array onto Au substrate by a facile electro-
chemical process. In this process, the Pd nanoplates array was fabricated at room temperature in a
three-electrode cell containing 2 mM K2PdCl4, 100 mM NH3.H2O and 10 mM cetyltrimethyl ammo-
nium bromide. A CV potential scan was applied to the working electrode over a range of 0.4 to
�1.0 V (vs. SCE) with scan rate 100 mV s�1. The flat Pd electrode was obtained by electrodeposition
at a constant potential of �0.6 V (vs. SCE) for 40 min in a solution containing 0.5 g L�1 Pd(NH3)4Cl2

and 0.8 g L�1 Na2EDTA (pH 8.5). The current density on the Pd nanoplate’s array electrode is �68 times
that on flat Pd electrode. Thus, the Pd nanoplate’s array electrode shows extraordinary electro-cata-
lytic activity towards the oxidation of methanol. Choi and Woo [341] prepared a 2D Pt–Ru nanowire
network using a SBA-15 nanoreactor and showed that this nanostructured material displayed a higher
performance than commercial Pt–Ru (JM) in DMFC. Recently, our group [51] used a facile electro-
chemical method to fabricate a 2D continuous Pt island network on a flat Si substrate. We found that
this catalyst structure on the Si substrate has better electroactivity toward methanol oxidation than
the blanket Pt/Si and the Ru decorated Pt film/Si electrodes. Recently many material scientists and
engineers have fabricated 2D graphene nanosheets as catalyst supports for DMFCs [342,343]. Bong
et al. [343] prepared graphene nanosheets by a modified Hummer’s chemical method and utilized
as a catalyst support of PtRu nanoparticles for methanol oxidation. The electrochemical results of
methanol oxidation indicate that Pt–Ru/graphene nanosheets display excellent catalytic activity over
that of Pt–Ru/Vulcan. These results indicate that graphene nanosheets could significantly increase the
electrochemical active surface area resulting in better catalyst utilization.

5.1.5. 3D NSMs
Compared to 0D, 1D, and 2D NSMs, the 3D NSMs hold a unique morphology, which are expected to

provide a larger surface area and to facilitate the transport of reactants and products effectively, so
that electrochemical performance can be greatly improved. For this reason, several research groups
[91,295,296,344] have fabricated 3D Pt nanoflowers as a catalyst for fuel cell applications. Tong
et al. [344] prepared 3D Pt nanosheets perpendicular to a boron-doped diamond (BDD) hybrid film
surface, synthesized by double template method, using a hydrogen bubble template and subsequent
metallic Zn template to control the morphology of the Pt catalyst on the BDD surface. Fig. 72 illustrates
Fig. 71. CVs of commercial Pt/C catalyst, Au–PF/Pt and the Au–PF/Au/Pt electrodes in a 0.1 mol dm�3 HClO4 + 0.4 mol dm�3

CH3OH solution at a scan rate of 50 mV s�1. Reprinted from Ref. [339] with permission of ACS Publishers.



Fig. 72. (A) CVs of pristine Pt and the 3D Pt nanosheets/BDD in a 0.1 M H2SO4/1.5 M CH3OH aqueous solution at a scan rate of
50 mV s�1. (B) Electrochemical impedance spectroscopy of Pt and the 3D Pt nanosheet/BDD into a 0.1 M H2SO4/1.5 MCH3OH
solution at potential of 0.375 V. Reprinted from Ref. [344] with permission of ACS Publishers.
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the CVs and Nyquist plot of polycrystalline Pt and 3D Pt nanosheets/BDD samples. As shown in Fig. 72,
electrochemical results indicated that the 3D Pt nanosheets on BDD hybrid film surface have a high
electrocatalytic ability resulting from the large surface area and porous structure, which efficiently
facilitates the facile transport of reactants and products, as well as a CO anti-poisoning ability due
to the support activity of BDD.

Zhang et al. [91] prepared 3D Pt nanoflowers via a template-free, direct electrodeposition method.
This electrochemical experiment demonstrates that Pt nanoflowers have superior performance in as-
pects of electrocatalytic activity and stability towards the oxidation of methanol. Recently, our group
[296] reported on the synthesis of 3D Pt nanoflowers and their electrochemical properties. We found
that the 3D Pt nanoflower exhibits very good catalytic activity for methanol oxidation and a high tol-
erance against CO poisoning. There is a growing interest in ‘‘facile’’ synthetic strategies to obtain 3D
porous graphitic carbon nanostructures for use as electrocatalyst supports. This led our group to de-
velop a novel and simple synthetic strategy for fabricating 3D porous graphitic carbon nanostructures
[345]. 3D porous graphitic carbons can be used as catalyst supports because of their high surface area,
well-defined porous structure, and the presence of various surface functional groups [345,346]. More-
over, the presence of 3D nanopores in graphitic carbon supports may also contribute to obtain higher
catalytic activities by virtue of the facile transport of methanol and oxidation products through these
nanopores. Since the 3D NSMs provide a large surface area and effectively facilitate the transportation
of reactants and products in reaction channels, which is particularly desirable for a catalyst in various
electrochemical devices, these simple and new electrodes with their unique surface structure will be
very attractive in fuel cells.
5.2. Supercapacitors

5.2.1. Introduction
Supercapacitors (Fig. 73) represent an important component for energy storage devices, particu-

larly for short-acting high power batteries. Batteries suffer from a relatively slow power delivery or
uptake, faster and higher-power energy storage systems are needed in a number of applications,
and this role has been given to the supercapacitors [347]. The working principle of supercapacitors
has been extensively reported in many review papers and articles [348–351], to which the interested
reader is referred for more details. In brief, supercapacitors are formed by two polarizable electrodes, a
separator and an electrolyte. They utilize double layer capacitance where the ions of the electrolyte
are adsorbed on the charged electrode, resulting in a Helmholtz layer [352,353]. The Helmholtz double



Fig. 73. Schematic diagram of the supercapacitor.
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layer thickness is defined as half the diameter of the adsorbed solvated ions at the electrode/solution
interface [352,353].

Some supercapacitors are commercially available to extend battery life in electronic equipment,
but they are still in a development stage. The power density of supercapacitors is lower than that
of batteries. Therefore, the development of supercapacitors aims to improve the power density and
significantly reduce cost. These electrochemical devices are also known as ultracapacitors, pseudo
capacitors, and double layer capacitors. They are DC energy sources and must be interfaced to the elec-
tric grid with a static power conditioner. Supercapacitors are attractive for their high power densities
and their long cycle life, however they suffer from low energy densities. The highest performance sup-
ercapacitors are currently based on NSMs, given that increased electrode surface area improves the
capacitance. It is the reason why so many researchers have been involved in working on different
kinds of NSMs.
5.2.2. 0D and 1D NSMs
Initially researchers synthesized NSMs with zero-dimensional atomic clusters (quantum dots) for

supercapacitors. Atomic clusters, nanoparticles, filaments and similar spatially confined molecular
systems are defined as zero modulation dimensionality (0D or more correctly quasi-zero dimensional)
and possess an aspect ratio from one to infinity. Atomic clusters are spherical and composed of several
thousands atoms. However, the possibility of designing atomic clusters is not very promising at pres-
ent. Two major problems still exist in the synthesis of atomic clusters. First, it is difficult to produce
mass-selected clusters in large quantities. Secondly, to make atomic cluster materials, one has to con-
sider other cluster–cluster interactions and make sure that this would not lead to coalescence of clus-
ters that would change its original physical and chemical characteristics. However, well-controlled
and mass-producible atomic clusters will likely increase with more advanced research and their appli-
cations in the future.

Apart from the above, many research groups [354–358] have found that electrode-active materials
with nanoscale crystalline particle size usually show better discharge life due to their high specific
surface areas. Additionally, nanoscale particles dramatically change surface reaction rates, causing a
dramatic improvement in power density when compared to conventional capacitor. As a result,
researchers have tried to develop some transition metal oxides nanoparticles, such as hydrous IrO2

[354], SnO2 [355], amorphous RuO2 [356], hydrous and anhydrous crystalline RuO2 nanoparticles
[357,358], for supercapacitor applications due to their high pseudocapacitance charge-storage mech-
anism. The charge-storage mechanism of metal oxides {XO2 (X = Ir, Ru, Sn, Mn, etc.)} as proposed is
based on the novel concept of redox (oxidation–reduction) reactions associated with the surface reac-
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tion and the insertion of metallic cations, for instance, H+, Li+, Na+, K+ into the metal oxides. The simple
reaction on charge-storage mechanism can be written as follows:
Fig. 74.
dischar
XO2 þ nCþ þ ne� ! XO2�nðOCÞn
Where X and C+ represent the metal and proton or alkalimetal cation, respectively. The interested
reader can find details mechanism of charge-storage in the review article [359]. The supercapacitive
behavior of various metal oxides, such as RuO2 [356–358], IrO2 [354], NiOx [360], MnO2 [361] Ni3(-
Fe(CN)6)2(H2O) [362] and SnO2 [363] have already been evaluated. Among these materials, RuO2 (spe-
cific capacitance 720 F g�1) [15,356] and IrO2 (specific capacitance 550 F g�1) [364] have been
recognized as the most promising candidates for supercapacitor electrodes due to their very large spe-
cific capacitance values. The weakness of these nanoparticles are their low specific surface area; there-
fore one of the key-issues to address increasing their specific surface area. 1D NSMs are able to solve
the problem of specific surface area and thus improve the utilization of electrode active materials.
Most recently, 1D MnO2 nanorods [365], Co3O4 nanorods [366], polyaniline nanowires [367], single-
and multi-walled carbon nanotubes [368], Li4Ti5O12 with nanotubes/nanowires [369], MnO2 nanobelts
[370], and c-MnO2 nanoneedles [371] have been used. Non-hydrous nanoporous RuO2 with a surface
area of 240 m2 g�1 synthesized by electrochemical lithiation exhibits a distinctly better storage perfor-
mance of 350 F g�1 at 2 mV s�1 than that previously reported for nonhydrated RuO2 [372–374]. These
0D and 1D NSMs still do not resolve the fundamental limitations of the materials for next generation
electrochemical supercapacitors. In addition, high material cost limits the commercial use, so it is ur-
gent to look for a substitute materials to replace RuO2. Therefore, there is still need for plenty of re-
search to improve the performance of the supercapacitors.

5.2.3. 2D NSMs
2D NSMs dramatically change surface reaction rates and electrical transport throughout the mate-

rial, causing a dramatic improvement in specific power density when compared to conventional
capacitor. Recent reports by various groups have shown that 2D NSMs (such as nanosheets, nanobelts,
nanowalls, nanofibers, and nanoplates) enhance the average specific capacitance [375–382,34,383].
Wang et al. [381] direct synthesized single-crystalline Ni(OH)2 hexagonal nanoplates on lightly oxi-
dized graphene nanosheets (Fig. 74A). The electrically conducting graphene nanosheets exhibit a high
specific capacitance of �1335 F g�1 at a charge and discharge current density of 2.8 A g�1 and
�953 F g�1 at 45.7 A g�1 with remarkable cycling ability (Fig. 74B).

In the same year, Song et al. [382] prepared porous assembled 2D nanosheets of alkali metal man-
ganese oxides via exfoliation-reassembling route and used them as electrodes for supercapacitors. The
porous assembled 2D nanosheets manganese oxides have a high specific capacitance value of �140–
160 F g�1 and remarkable cyclability of �93–99% up to the 1000th cycle. It is well know that the poly-
aniline (PANI) is a highly conducting polymer. In addition, it has attracted much attention during the
(A) SEM image of Ni(OH)2 nanoplates/GNS and (B) average specific capacitance of Ni(OH)2 nanoplates/GNS at different
ge current densities. Reprinted from Ref. [381] with permission of ACS Publishers.
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past year because it is low cost, superior electrochemical performance, distinguishable electrical prop-
erties, mechanical flexibility, and relative ease of processing. Li et al. [34] fabricated PANI nanobelts
onto a conducting substrate via an electrochemical route. These PANI nanobelts on conducting sub-
strate showed large capacitances of 873 F g1� at 10 mV s�1 and excellent stability over 1000 cycles.
Recently, Wu et al. [383] prepared composite films of chemically converted graphene (CCG) and PANI
nanofibers (PANI-NFs) and applied them as electrodes for supercapacitors. They found that the con-
ductivity of the composite film is about 10 times that of a PANI-NF film. This conductive composite
film showed a large electrochemical capacitance (210 F g�1) at a discharge rate of 0.3 A g�1. Moreover,
the electrochemical capacitances are much higher than those of supercapacitors based on pure CCG or
PANI-NF films, mainly due to the synergic effect of both components. This means 2D NSMs exhibit
high specific capacitance and remarkable rate capability as well as promise for applications in sup-
ercapacitors with both high energy and power densities. The weakness of these 2D NSMs are their
low specific surface area, therefore, present research and development for these materials are focusing
on increasing their specific surface area.
Fig. 75. (A) Procedure for the fabrication of manganese oxide layer/vertically aligned CNTs electrode. (B) SEM picture of a
vertically aligned CNTs. (C) SEM image of a vertically aligned CNTs after 10–15 min of treatment in 1.0 M HNO3 followed by
manganese oxide deposition. (D) TEM image of the same sample shown in Fig. 1. (C and E) Schematic drawing of MnO2

deposition onto the sidewall of the cup-stacking graphitic structure of CNTs. Reprinted from Ref. [63] with permission of ACS
Publishers.
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5.2.4. 3D NSMs
3D NSMs may not only improve surface reaction rates, chemical stability, and electrical transport,

but also greatly enhance the specific surface area throughout the material, causing a dramatic
improvement in storage capacity when compared with the 2D based supercapacitors [63,15,384]. Re-
cently, Liu et al. [63] prepared hybrid supercapacitor electrodes by coaxially coating manganese oxide
on a vertically aligned carbon nanofiber array (Fig. 75). These ordered core–shell nanostructures have
a very large surface area, which is 10 times higher than that of the flat surface. This large surface area
offers a highly conductive and robust core for reliable electrical connection to the MnO2 shell, which
ensures the rapid completion of the redox reactions and offer easy electrolyte access to a large-volume
of active electrode materials. The specific capacitance value of core–shell nanostructure in a 0.10 M
Na2SO4 aqueous electrolyte is �365 F g�1. In 2006, Hu et al. [15] synthesized an ordered 3D hydrous
RuO2 nanotubular arrayed electrodes via modified AAO template method. The ordered 3D hydrous
RuO2 nanotubes have both a very high specific power and specific energy at 0.8 V and 4 kHz equal
to 4320 kW kg�1 and 7.5 W h kg�1, respectively. Based on their results, we can conclude that the or-
dered 3D hydrous RuO2 nanotubes structure not only reduces the diffusion resistance of electrolytes
but also enhances the facility of ion transportation and maintains smooth electron pathways in very
rapid charge/discharge reactions [15]. Kim et al. [384] synthesized 3D vertically aligned CNTs onto
conductive carbon papers and applied them as electrodes for supercapacitors. Remarkable superca-
pacitor properties were obtained by using the directly integrated, naturally patterned, and vertically
aligned CNTs. The specific capacitance, energy, and power density were �200 F g�1, �20 W h kg�1,
and �40 kW kg�1 respectively, (in 1 M H2SO4 solution, current density = 20 A g�1). Hence, the 3D
nanostructured electrode materials that boost high surface area exhibit good chemical stability, and
have an ordered macro-porous structure increases the electrode/electrolyte interfacial area and facil-
itate ion transfer in the system with improved storage capacity. Moreover, we believe that 3D NSMs
are able to resolve fundamental limitations of materials for next-generation scaling of advanced sup-
ercapacitors devices.
5.3. Li–ion batteries

5.3.1. Introduction
Li-ion batteries (Fig. 76) represent a further important component for energy storage. The working

principle of Li-ion batteries and its practical applications have been extensively reported in many re-
view papers and articles [385–389] to which the interested reader is referred for more details. In brief,
Li-ion batteries consist of a three primary functional components. The main components of a Li-ion
battery device are the positive electrode, negative electrode and the electrolyte, for which a variety
of materials may be used. Generally, the most useful material for the positive electrode is one of three
materials: lithium cobalt oxide, lithium iron phosphate, or a spinel such as lithium MnO2. On the other
hand, the most common materials for the negative electrode are carbon based compounds and lith-
ium-containing alloys.

Upon charging, lithium ions are extracted from the positive electrode material and inserted into the
negative electrode material. Upon discharging, the reverse process takes place. Common batteries
should exhibit three characteristics: (a) high energy and power capacity, (b) high charging rate, and
(c) long lifetime (cycling stability). Although Li-ion batteries are available commercially, the perfor-
mance of Li-ion batteries is limited by the current electrode and electrolyte materials. For future gen-
erations of rechargeable Li-ion batteries, not only for applications in portable electronic devices but
especially for clean energy storage and use in hybrid electric vehicles, further improvements of mate-
rials are essential. We need to find new, efficient and effective ways to improve the physical and
chemical characteristics of the materials for use in electrochemical Li-ion batteries. One avenue that
is opening up is that of NSMs for electrochemical Li-ion batteries devices. However, the selection of
NSMs for use as negative electrode, positive electrode, and electrolyte, as well as their voltage, capac-
ity, life, and safety abilities in electrochemical Li-ion battery devices can dramatically improve. Re-
cently, great efforts have been made toward the development of improved electrolyte, negative and
positive electrodes materials, therefore the focus of this review paper is on the 0D, 1D, 2D, and 3D



Fig. 76. Schematic diagram of the Li-ion battery.
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NSMs for electrochemical Li-ion battery devices. These novel nanostrucured electrodes have been em-
ployed to improve the reversibility of rechargeable Li-ion battery devices.
5.3.2. 0D and 1D NSMs
It has been demonstrated that the morphology of nanostructures can be optimized to achieve high-

er energy and charge densities in electrochemical Li-ion battery devices. Therefore, nanoarchitecture
is another consideration that can be optimized for further improvement. In this regard, research on
NSMs is expanding rapidly into the assembly of nanoparticles in 0D and 1D structures.

Recently, some research groups [390–392] have tried to synthesize 0D nanoparticles to avoid the
problem of poor Li+ ion diffusivity and electron conductivity, which would eliminate either metal dop-
ing or carbon coating. This is due to the 0D nanoparticles allowing the diffusion length of Li+ ions to
have a shorter path through the lattice from the core of the particles to the surface, thereby leading to
excellent electrochemical performance with better capacity retention [393]. 0D nanoparticles with
high-crystallinity are particularly advantageous when the aim as above mentioned is to achieve faster
lithium-ion diffusion. They also display a better rate capability, which indicates its possible use in
electrochemical Li-ion battery devices. However, 0D NSMs are not very stable and very difficult to
make in large quantities. Various efforts have been implemented to synthesize novel 0D NSMs but
have been met with very limited success in the improvement of electrochemical Li-ion battery device
performance. Due to this, researchers have fabricated new 1D NSMs that will make electrochemical Li-
ion battery devices more efficient due to their unique mechanical, thermal, electrical properties and
structural versatility. Various efforts have been made by the scientific community to fabricate novel
1D NSMs such as nanotubes, nanorods, and nanobelts [394–396]. Fig. 77 shows the schematic diagram
of a Li+ ion pathway in 1D NSMs.

Cui et al. [394] fabricated core–shell Si nanowires on stainless steel current collectors utilizing SiH4

in a CVD furnace. They reported that the core–shell Si nanowires have a high charge storage capacity
(�1000 mA h g�1, three times of carbon) with �90% capacity retention over 100 cycles. They also no-
ticed good electrochemical performance at high rate charging and discharging (6.8 A g�1, �20 times of
carbon at 1 h rate). Core–shell Si nanowires can relax the strain and overcome the problem of pulver-
ization, maintain direct electrical connection with the current collector, and have short diffusion dis-
tance for lithium insertion. In a later report, Cui et al. [395] used a CVD (amorphous Si (a-Si)) method
to fabricate the carbon–silicon core–shell nanowires by CVD onto carbon nanofibers. Carbon–silicon
core–shell nanowires have a high charge storage capacity of �2000 mA h g�1 and good cycling life.
In addition, these nanowires have a high Coulmbic efficiency of 90% for the first cycle and 98–99.6%
for the following cycles. They also constructed a full cell composed of a LiCoO2 cathode and a car-
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bon–silicon core–shell nanowire anode. Significantly, using these core–shell nanowires they achieved
high mass loading and an area capacity of �4 mA h cm�2. In the same year, Park et al. [396] reported
that these Si nanotubes have a excellent reversible charge capacity of 3247 mA h g�1 with Coulombic
efficiency of 89%, they also demonstrated the superior capacity retention even at a rate of 5C (=
15 A g�1). Importantly, the capacity of a Li-ion full cell consisting of a cathode of LiCoO2 and anode
of Si nanotubes shows a higher capacity than commercially available graphite even after 200 cycles.
However, a new problem arose for 1D NSMs are low surface area and slow diffusion rates. Due to
low surface area, slow diffusion rates and poor conductivity, 1D NSMs show the poor energy density
and poor rate capacities. Consequently, improvement in surface area to volume ratio, diffusion rates
and conductivity is necessary. We should able to enhance the above properties via synthesis of 2D
NSMs.

5.3.3. 2D NSMs
2D NSMs are a useful approach to improve the electrode performances in higher overall capacity,

high-rate capability, and longer cycling life. 2D NSMs normally exhibit small crystalline size, high sur-
face area, large surface-to-volume ratio, and favorable structural stability over 1D, and 0D NSMs. The
development of a 2D nanostructure gives the right structure necessary for a fast mass transport, for
instance. On this nanostructure, a secondary guest nanoscale structure is built in order to take advan-
tage of the properties of nanometer-sized building blocks. Fig. 78 shows the schematic diagram of a Li+

ion pathway in 2D NSMs. Thus, 2D NSMs such as nanodisks, nanonets, nanoplatelets, nanobelts, and
nanosheets have been synthesized by many research groups to further enhance the electrochemical
Li-ion battery devices performance [398–406].

Recently, Zhou et al. [404] synthesized a Si/TiSi2 heteronanostructure on Ti foil in a CVD chamber
with TiCl4, SiH4 and H2 as precursors. The Si/TiSi2 heteronanostructure was used as an anode material
for Li+ batteries. Fig. 79A–D shows the morphology of typical as-made Si/TiSi2 nanostructures. In this
heteronanostructure, Si nanoparticles acts as an active component to store and release Li+ while TiSi2

serves as the inactive component to support Si and to facilitate charge transport. The Si/TiSi2 hetero-
nanostructures show fast and superior charge/discharge capacities. Fig. 79E shows the charge capacity
and Coulombic efficiency for the Si/TiSi2 heteronanostructure. A fast charge–discharge rate of
8400 mA g�1, high capacity retention of >99% per cycle at the level of 1000 mA h g�1 were achieved
after 100 smoothing cycles.

Recently, Hassoun et al. [405] used a high capacity Sn–C nanostructure as an anode and high rate,
high voltage Li[Ni0.45Co0.1Mn1.45]O4 spinel as a cathode to fabricate a Li-ion battery. This Li-ion battery
offers superior performances in terms of cycling life, i.e., �100 high rate cycles, for rate capability,
operating at 5C and still keeping more than 85% of the initial capacity, and an energy density, expected
to be of the in order of 170 W h kg�1. Although the 1D NSMs show high discharge capacity and good
cycling performance at low rate, the initial Coulombic efficiency and cycling stability at high rate are
still disappointing. In addition, 2D NSMs are limited in the amount of energy that they can store. In 3D
NSMs, we use the third dimension to increase the electrochemically active area in the Li-ion battery.
This means we should be able to greatly improve the efficiency (higher capacity, high-rate capability,
and cycling life) of advanced Li-ion battery devices.
Fig. 77. Schematic illustration of Li-ion pathway in 1D nanotubes. Reprinted from Ref. [396] with permission of ACS Publishers.



Fig. 78. Schematic illustration of Li-ion pathway in 2D SnS2 nanoplates (modified after Ref. [397]).
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5.3.4. 3D NSMs
In order to further achieve higher energy and charge densities in electrochemical Li-ion battery de-

vices, 3D nanostructured electrodes may be needed. As 3D NSMs electrode have a higher surface area,
larges surface-to-volume ratio, and more favorable structural stability over 2D, 1D, and 0D NSMs. The
3D NSMs can be flooded with electrolyte, ensuring a high specific surface area in contact with the elec-
trode and hence a high flux of Li+ ion across the interface. Fig. 80 shows the schematic diagram of a Li-
ion pathway in 3D NSMs. The nanowalls between the NSMs, of equal dimensions throughout, ensure
very short diffusion paths for Li ions on intercalation and deintercalation, and hence homogeneous
rates of transports.
Fig. 79. (A) A schematic drawing of the Si/TiSi2 structure. (B) TEM image of the Si coating on TiSi2 nanonets. (C) HRTEM image
and the SAED pattern reveal the crystallinity of the TiSi2 core and the particulate Si coating. (D) The crystallinity of TiSi2 and Si
(marked by the dotted red line) is shown in this lattice-resolved TEM picture. (E) Charge capacity and Coulombic efficiency of
the Si/TiSi2 with 8400 mA g�1 charge–discharge rate performed between 0.150 and 3.00 V. Reprinted from Ref. [404] with
permission of ACS Publishers.
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We believe that the concept of hierarchically NSMs, template technique in preparing and assem-
bling materials will be a useful approach to reach the above objectives [406–410]. Reddy et al.
[410] used vacuum filtration and CVD techniques to prepare coaxial MnO2/carbon nanotube arrays
using AAO templates. The coaxial MnO2/carbon nanotube arrays were used as cathodes in a LIB.
Fig. 81A shows SEM image and schematic drawing of single MnO2/CNT hybrid nanostructures.
Fig. 81B represents the charge–discharge voltage curves for these MnO2/CNT nanotube arrays. The first
discharge capacity and reversible capacity (after 15 cycles) of the MnO2/CNT hybrid coaxial nanotubes
are �2170 and �500 mA h g�1, respectively. An excellent reversible capacity was obtained for these
MnO2/CNT nanotube array electrodes. The coaxial MnO2/carbon nanotube arrays offer the following
advantages: (a) presence of carbon nanotube improves the electrical conductivity, (b) homogeneous
electrochemical accessibility and better ionic conductivity is achieved by avoiding agglomerative
binders and other additives, (c) well-directed coaxial alignment provides a better conductive path,
and (d) MnO2/CNT hybrid nanostructures offer a unique dual-binding mechanism of lithium storage
(insertion–deinsertion in the case of carbon nanotubes and formation and decomposition of Li2O in
the case of MnO2 nanotubes).

Moreover, 3D NSMs such as nanoflowers also exhibit higher initial Coulombic efficiency, higher
reversible capacity, and better cycling performance [411–413]. Kim et al. [413] fabricated a hierarchi-
cal nanostructure composed of FeF3 nanoparticles and carbon nanotubes (CNTs). The hierarchical
nanostructure synthesized by functionalizing CNT has a unique surface structure with nanosized fea-
tures, which has the appearance of FeF3 nanoflowers on CNT branches (FNCB). The specific capacity of
Fig. 80. Schematic illustration of Li-ion pathway in ordered 3D nanostructures.

Fig. 81. (A) SEM image and a schematic drawing of an individual coaxial MnO2/CNT nanotube. (B) Voltage versus specific
capacity curves were obtained from the MnO2/CNT nanotube array electrodes at a scan rate of 50 mA g�1 between 3.2 and
0.02 V vs. Li/Li+. Reprinted from Ref. [410]with permission of ACS Publishers.



Fig. 82. (A) Specific capacity of FNCB as a function of cycle numbers (voltage range, 2.0–4.5 V; current rate, 20 mA g�1) over one
precycle at a voltage range of 1.5–4.5 V, and (B) initial charge/discharge curves of a three cycles. (C) Specific capacity of FNCB
with various current densities from 20 to 1000 mA g�1 (voltage range, 2.0–4.5 V) over the precycle, and (D) corresponding
discharge curves at each current density. The horizontal blue dashed line in (C) represents the practical capacity of the LiCoO2

cathode. Reprinted from Ref. [413] with permission of Wiley-VCH Verlag GmbH & Co. KGaA.
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FNCB was �210 mA h g�1 at a current rate of 20 mA g�1. In addition, FNCB gives excellent cycling per-
formance in the voltage range of 2.0–4.5 V at the current rate of 20 and 1000 mA g�1 over 30 cycles
(Fig. 82A–C). FNCB delivers more than 180 mA h g�1 at a constant current density of 100 mA g�1. Even
at a current density of 500 mA g�1, the specific capacity of FNCB was �150 mA h g�1. The FNCB deliv-
ers a higher capacity than that of LiCoO2 at the same current density. Fig. 82D shows the correspond-
ing discharge curves for FNCB at different current densities. The FNCB electrode indicated only a small
polarization with a discharge potential �2.8 V even at current densities as high as 1000 mA g�1.

The use of 3D NSMs is increasing rapidly in the field of Li-ion battery devices because of their sub-
stantial advantages in terms of mass transport. Transport in 3D NSMs typically encompasses shorter
transport length for Li+ ions and electrons, better electrode–electrolyte contact area, and great merits
to permit reproducible Li+ insertion and extraction. This verifies their promising application as elec-
trode materials for Li-ion batteries.
6. Conclusions and future outlook

This article reviewed the recent advancement in synthesis and fabrication of nanostructures mate-
rials (NSMs). Knowing that nanostructure material exhibits chemical and physical property that are
significantly different from those of bulk and microsize materials. A detailed account on the parameter
that can be optimized to enhance the noval properties of these NSMs have been covered in this review.
In addition, potential application of NSMs in technological applications for instance electrochemical
energy devices (EEDs) has been discussed. The article has been systematically structured to give clear
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and detailed insight. In the first section we reviewed recent paper and classified the NSMs into four
categories according to their dimensions: zero-dimensional (0D), one-dimensional (1D), two-dimen-
sional (2D) and three-dimensional (3D) nanostructures. In the second section of the article, we dis-
cussed recent approaches for the synthesis and fabrication of 0D, 1D, 2D and 3D NSMs. In addition,
we have also described the most common (physical and chemical) routes for fabricating or synthesiz-
ing 0D, 1D, 2D and 3D NSMs. Finally, electrochemical efficiency of EEDs associated with the use of 0D,
1D, 2D and 3D NSMs has been discussed. However, challenges remain using such NSMs to achieve
highly efficient catalysis for EEDs. In particular, the synthesis methods, shapes, and selective catalysts
of the NSMs need to be optimized to overcome the specific factors that limit the EEDs performance.
Consequently, there remains a greater need for intelligent surface structure designs to achieve durable
and highly efficient EEDs. Therefore, intensive research efforts are ongoing to develop active NSMs for
EEDs.

With great progress being made in the synthesis of NSMs, there are fascinating new opportunities
for materials scientists. While considerable attention is devoted to nanostructure aspects (for instance
0D, 1D, 2D, and 3D nanomaterials) future progress will hinge on a better understanding of how syn-
thesis techniques, composition, size, and morphology affect the catalytic activity of 0D-, 1D-, 2D- and
3D-based nanomaterials. The development of simple, new and efficient synthesis and fabrication pro-
cesses that allow precise control over size and morphology of resulting products and improve the per-
formance of 0D, 1D, 2D and 3D NSMs in applications such as fuel cells, lithium ion batteries, and
supercapacitios. In addition, as greater knowledge is acquired about the physical and chemical prop-
erties of 0D-, 1D-, 2D- and 3D-based nanomaterials, there will be more opportunities to exploit indi-
vidual characteristics in magnetic, electric and optical based applications. Moreover, the development
of 0D-, 1D-, 2D- and 3D-based nanomaterials will help to improve our old technologies, and further
research will produce more impressive results that will benefit industries and society.
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