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Abstract The optoelectronic properties of zinc

oxide nanoparticles (ZnO-NPs) have determined

development of novel applications in catalysis, paints,

wave filters, UV detectors, transparent conductive

films, solar cells, or sunscreens. While the immediate

advantages of using nano-ZnO in glass panel coatings

and filter screens for lamps, as protecting products

against bleaching, have been demonstrated, the

potential environmental effect of the engineered NPs

and the associated products was not fully estimated;

this issue being of utmost importance, as these

materials will be supplied to the market in quantities

of tons per year, equating to thousands of square

meters. In this study, ZnO-NPs with commercial name

ZincoxTM have been subjected to a comprehensive

characterization, relevant for hazard assessment, using

complementary physico-chemical methods. There-

fore, the morphological investigations have been

corroborated with XRD pattern analyses and UV–

Vis absorption related properties resulting an excellent

correlation between the geometrical sizes revealed by

microscopy (8.0–9.0 nm), and, respectively, the crys-

tallite size (8.2–9.5 nm) and optical size (7.8 nm)

calculated from the last two techniques’ data. Fur-

thermore, the hydrodynamic diameter of ZnO-NPs

and stability of aqueous dispersions with different

concentration of nanoparticles have been analyzed as

function of significant solution parameters, like con-

centration, pH and solution ionic strength. The results

suggest that solution chemistry exerts a strong influ-

ence on ZnO dissolution stability, the complete set of

analyses providing useful information toward better

control of dosage during biotoxicological tests.

Keywords ZnO � Nanoparticles � Size �
Hydrodynamic diameter � Surface charge �
Dispersion stability

Introduction

The large development of producing engineered

nanomaterials (ENMs) technologies that has been

taken place in the last decade became an important

issue for researchers and engineers from academia and

industry, since it is necessary to obtain a valuable

database not only for their potential applications, but

also regarding the risk and life cycle assessment of

nanocomponents and resulting nanoproducts. Evi-

dently, occupational, health, and safety aspects of
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the ENMs have to be also addressed (Yokel and

MacPhail 2011), and in particular reports about their

induced pulmonary effects causing inflammatory lung

injury have been published in the last years (Nemmar

et al. 2003; Geiser et al. 2003). It has been shown that,

due to their sizes, smaller than cells and cellular

organelles, nanoparticles can move freely into the

environment and then be inhaled by the human body,

being capable to penetrate the biological structures,

disrupting their normal function, leading to human

exposure, which may result in a serious health risk

(Buzea et al. 2007), as tissue inflammation (Baroli

et al. 2007) or respiratory health effects (Simeonova

and Erdely 2009; Posgai et al. 2009). There are other

biological organs which are affected too due to the

ability of nanomaterials to move through the body in

the blood stream and to be assimilated by organs and

tissues including the brain, heart, liver, kidneys,

spleen, bone marrow, and nervous system (Lewinski

et al. 2008).

In the last years, a new terminology has been

identified, nanotoxicology (Oberdörster et al. 2005,

2007; Jiang et al. 2008), and different types of

nanoparticles have been studied, and looking to

establish, if there is a correlation between their

physico-chemical properties and the induced toxico-

logical effects.

During the last years, depending on the applications

addressed, the toxicological potential of different

classes of nanoparticles has been investigated (Peral-

ta-Videa et al. 2011), like: (i) organic—fullerenes and

carbon nanotubes; and (ii) inorganic—metallic

(AuNP, AgNP, transition metal NPs) or metallic oxide

(ZnO, TiO2, SiO2, Al2O3) nanoparticles and quantum

dots (CdSe). Consequently, one of the first nanotox-

icological studies of carbon-based nanomaterials has

been led by Oberdorster (2004) who demonstrated the

toxicity of C60 fullerenes to aquatic species, where

oxidative stress is induced in brain; in the same area,

both single-walled and multi-walled carbon nanotubes

showed oxidative stress, as evidenced by formation of

free radicals (Maynard et al. 2004) or inflammatory

effects, being internalized in keratinocytes (Monteiro-

Riviere et al. 2005). On the other hand, more recently,

it has been demonstrated that although they are used in

cosmetics, food packaging, beverages, toothpaste, and

lubricants, AuNPs determine subchronic inhalation

toxicity, dose-related changes being observed in lungs

of both male and female rats (Sung et al. 2011).

Regarding the metallic oxide nanoparticles, TiO2 was

one of the first examples where, if two sizes particles

with similar crystalline structure are inhaled by rats,

the smaller particles led to a persistently high inflam-

matory reaction in the lungs compared to larger size

particles (Oberdörster et al. 1994). Also, it was

revealed that rutile form of titanium dioxide NPs have

induced oxidative DNA damage in the absence of

light, while anatase NPs of the same size have not

exhibited this effect (Gurr et al. 2005).

Furthermore, since the zinc oxide nanoparticles

(ZnO-NPs) are now used for various applications, like

sunscreens, because they are translucent, and cosmet-

ics (Nohynek et al. 2007), based on their anti-bacterial

properties demonstrated on Escherichia coli bacteria

tests (Brayner et al. 2006). Besides the mentioned

properties, ZnO is a wide band-gap semiconductor that

displays high optical transparency and luminescent

properties in the near ultra violet and the visible

regions (Nunes et al. 1999), which can be modified to

use it as UV detectors, field emitters, diodes, piezo-

electric devices and photo catalysts (Kim et al. 2000).

More recently, applications in surface coatings and

paints due to its antibacterial and long-term UV-

blocking properties are developed, the nano-ZnO-

coated glass panels showing a durable UV light

absorbance, and consequently a picture glass results in

no change to the colors exposition (Steele et al. 2009;

Wang et al. 2005).

The huge number of recent studies shows that the

issue of toxicology is not a simple one and problems of

equivalency of physico-chemical properties for dif-

ferent particles also exist, a detailed analysis being

necessary for each type of ENP having in mind the

envisaged applications. Consequently, besides the

size/shape (including size distribution), surface area

or crystallinity and electronic properties, chemical

composition—surface structure including surface

reactivity, surface groups, and coating stability (sur-

face charge)—as well as solubility and aggregation are

equally important (Fubini et al. 2010).

Therefore, although the cytotoxicity, biochemical

mechanisms of toxicity of relatively large ZnO

nanoparticles (ZnO-NPs) has been evaluated, there

are still questions related to the few nanometer size

ZnO-NPs (5–10 nm). For example, it has been dem-

onstrated that the oxidative DNA damage caused by

Page 2 of 17 J Nanopart Res (2013) 15:1352
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exposing human bronchoalveolar carcinoma-derived

cells (A549) of two sizes (70 and 420 nm) ZnO-NPs

(Lin et al. 2009), and, nowadays, the research

concerning this material is going to lower size NPs’

analyses, like the one focused on 22-nm average

size ZnO-NPs’ toxicological effects (Kao et al.

2012). Also, the relevance of the dispersing media

and pH is also pointed out by the W.-S. Cho, who

concluded in his study that ZnO-NP can induce

different rats’ lungs damages like, eosinophilia,

proliferation of airway epithelial cells, and pulmon-

ary fibrosis, when mice are subjected to ZnO-NPs

inhalation (Cho et al. 2011). Accordingly, in order

to determine toxicological effects, it is important to

study the nanoparticles agglomeration and surface

charge in different dispersion media, being relevant

to examine the hydrodynamic diameter and surface

charge variation according to solution concentration,

ionic strength and pH (Suttiponparnit et al. 2011).

Furthermore, ZnO-NPs were selected by the OECD

WPMN steering group 3, ‘‘SG3-Safety testing of a

representative set of manufactured nanomaterials’’

(Singh et al. 2011).

In this context, the aim of this work is to charac-

terize the physico-chemical properties of ZnO-NPs

with median diameter\10 nm, used for coating glass

surfaces to achieve a durable UV light absorbance, and

to study the state and stability of these nanoparticles

dispersions, as a necessary list of end points to address

toward further toxicological studies (Jiang et al. 2009).

A broad spectrum of characterization methods have

been used to evaluate both the morphology (scanning

and transmission electron microscopy—SEM and

TEM), crystalline structure (X-ray diffraction—

XRD), chemical composition (Fourier transform

infrared spectroscopy—FTIR), UV absorbance prop-

erties (UV–Vis spectroscopy) of powder samples, and

also their behavior in aqueous dispersion media, like

hydrodynamic diameter (dynamic light scattering—

DLS) and surface charge (electrophoretic light

scattering—ELS). An important aspect addressed will

be the effect of solution concentration, ionic strength

and pH on hydrodynamic diameter and surface charge

of ZnO-NP dispersions. Furthermore, the dispersion

media influence on the nanoparticle agglomeration/

aggregation state will be discussed, the cumulate

method DLS results being correlated with direct TEM

visualizations.

Materials and methods

Materials

Zinc oxide nanoparticles (ZnO-NPs), having the

commercial name ZincoxTM, were received in the

form of dry powder from Nanogate AG, a company

which is partner in the FP7 Project NanoSustain.

While part of the analyses (SEM, TEM, ATR-FTIR

spectroscopy, and XRD) has been realized in the as-

received powder form, for the rest of them (UV–Vis

spectroscopy, DLS, ELS), suspension with different

concentrations of NPs have been used. An analytical

mass balance has been used to weight the necessary

quantities of NPs, suspended in aqueous solutions, and

then, the samples were ultrasonicated for 10 min at

35–40 W for mixing and forming a homogeneous

dispersion, to avoid sample aggregation which affects

DLS and ELS measurements (Roebben et al. 2011).

All aqueous solutions were made with deionized

water, which was further purified with a Milli-Q

system (Millipore). Sodium chloride, sodium hydrox-

ide, and hydrochloric acid have been purchased from

Sigma-Aldrich, Germany.

Characterization methods

Both scanning and transmission electron microscopies

have been used to investigate the morphology,

geometrical size and shape, and also the nanostruc-

ture of NPs. Thus, the high-resolution Field Emission

Gun Scanning Electron Microscopy (FEG-SEM)

analyses were performed using a Nova NanoSEM

630 (FEI Company, USA) workstation with a resolu-

tion of 1.8 nm @ 3 kV, where a minimal amount of

sample was placed on a carbon tape, and, respectively,

the high-resolution Transmission Electron Micros-

copy (HR-TEM) analyses were performed using a

TECNAI F30 G2 S-TWIN microscope operated at

300 kV with EDX and EELS facilities. For TEM

investigations, very small amount of NPs were

deposited on a TEM copper grid covered with a thin

amorphous carbon film with holes.

The chemical stoichiometry of ZnO-NPs was

investigated using the Tungsten Heated Filament

Scanning Electron Microscope-Tescan VEGA LMU

II and Energy Dispersive X-Ray (EDX) Spectrome-

ter with Si(Li) detector.

J Nanopart Res (2013) 15:1352 Page 3 of 17
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The crystalline structure, medium crystallite size

and strain of the ZnO powder samples were estimated

by X-Ray diffraction methods (9-kW rotating anode

Rigaku SmartLab thin films diffraction system from

Rigaku Corporation Japan) using a Bragg–Brentanno

setup (divergent X-ray beam) equipped with a copper

target (wavelength kCu Ka = 1.541867 Å), a Ni (Cu

Ka filter), and a 1D high-speed multistrip Si detector

DtexUltra. The DtexUltra detector (coupled with the

multilayer Gobel mirror, with no filters/monochroma-

tors) also enhance the measured intensity by three

orders of magnitude, giving a total dynamic range of

9–12 orders of magnitude (reflections from poly

crystalline materials, bulk). Furthermore, the 9-kW

rotating anode diffraction system offers not only a

complete, accurate and powerful automatic alignment

of optic modules and sample in the X-ray beam path,

but also a three order of magnitude enhancement of the

X-ray beam intensity (number of X-ray photons) at the

sample and detector, compared with a standard

classical sealed X-ray tube (I = 109 cps, from the

rotating anode, and I = 106 cps from standard sealed

X-ray tube, reflection from a single crystal sample—

semiconductor wafer: Si, SiC, GaAs, InP, etc.).

Consequently, the X-ray beam intensity at the detector

is comparable with that of a second/third generation

synchrotron facility.

The ZnO powder sample was mounted and pressed

on a glass sample holder and carefully tightly packed

to minimize interparticle spaces and roughness for

obtaining a flat and smooth sample surface. The XRD

measurements were performed in ambient conditions,

with the X-ray filament at U = 45 kV, I = 200 mA,

goniometer step of 0.01�, scan speed of 50� per minute

(total scan time of 3.2 min), receiving an incident

Soller slits of 0.5�, incident slit at 7 mm, determining

slits at 20 mm (fully opened), scan range 20–150�,

scan axis h –2h (coupled scan).

The chemical composition was investigated by FT-

IR Spectroscopy, using Tensor 27 (Bruker Optics,

USA) instrument, in the range of 400–4,000 cm-1

with a resolution of 0.5 cm-1. A couple of milligram

of ZnO-NPs was mixed with about 200 mg of KBr

powder, the mixture being then pressed into a tablet

subjected to our analysis.

The optical properties of the ZnO-NPs were studied

by room temperature UV–Vis Spectroscopy using a

U-0080D bio-spectrophotometer from Hitachi High

Technologies. Two analyses have been realized: on

one hand, the influence of concentration and disper-

sion media on absorbance properties has been mon-

itored, and, on the other hand, the mean particle size

has been estimated, taking into consideration that the

optical properties are strongly dependent on the sizes.

The hydrodynamic diameter and surface charge of

ZnO-NPs dispersed in different ZnO-NPs solutions

were characterized using Beckman Coulter DelsaTM

Nano C instrument utilizing Photon Correlation Spec-

troscopy (PCS), called also DLS, and ELS. Particles

are illuminated by a dual 30 mW laser diode, produc-

ing time-dependent fluctuations in the intensity of laser

light. The scattered light is collected at 165� for size

measurements and 15� for zeta potential measurements

(diluted concentration samples), and then is measured

by a highly sensitive detector. Analysis of the scattered

light fluctuations yields information about the parti-

cles, their size distribution in suspension solutions

being obtained based on the existing international

documentary standards (ASTM 2009). Consequently,

computing the intensity fluctuations in the scattered

light, the autocorrelation function is found, from which

the diffusion coefficient is determined as the particles

are moving in a liquid. The average mean size was

achieved in a quality control setting, as it is defined in

ISO 13321 (ISO 1996) and more recently ISO 22412

(ISO 2008b), where the measured particle size distri-

bution is assumed monomodal, and it fits a single

exponentially decaying function (corresponding with

one particle size) to the measured autocorrelation

function. Thus, the cumulants method produces, based

on the translational diffusion coefficient information, a

mean diameter and an estimate of the width of the

distribution (PDI, or polydispersity index), a parameter

that is only meaningful where the sample’s size

distribution is unimodal.

The size distribution determination was immedi-

ately followed by f-potential measurements, where

the desired concentration of the nanoparticle sample

was flushed through the folded capillary cell (flow

cell), only a very small volume of sample (2 ml) being

necessary for complete coverage of the two electrodes

of the cell. To prevent air bubbles in the cell, the

sample was injected slowly, and analysis was carried

out, if there was no visible air bubble present. After

successful check of the system, the Flow Cell was

placed into DelsaNanoC and equilibrated at 25 �C for

1 min and then the measurement was started. For

f-potential, the scattered light was collected at 15�.

Page 4 of 17 J Nanopart Res (2013) 15:1352
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Each sample measurement was performed in trip-

licate and for data analysis, and the DelsaNano 2.21

software was used.

Results and discussions

Primary particles characterization

Morphological characterization

Surface morphology of ZnO-NPs has been studied using

high-resolution FEG-SEM, able to measure also the

nanometric particle geometrical sizes. Thereby, the

nanoparticles are quite spherical and their sizes falling in

a rather narrow range, the average size being

8.5–10 nm, as it is revealed in Fig. 1a. However, in

spite of the high magnification SEM recorded images,

which have provided a general view of the NPs, there

were still some difficulties in focusing to see the

boundary and also, the precise shape of the individual

particle, and consequently supplementary HR-TEM

investigations were done. Figure 2a represents a typical

micrograph revealing spheroid-like ZnO-NPs, showing

metal oxide nanoparticles with average diameters

between 6 and 14 nm, and, going more close-up, a

1.5–2-nm thickness of an amorphous shell that is

covering some of the ZnO-NPs that can be distinguished

in Fig. 2b. Furthermore, the HR-TEM image—

Fig. 2c—evidences the crystallographic planes with

the interplanar distances of 2.81, 2.47, and 1.62 Å,

respectively, corresponding to (100), (101), and (110)

Miller’s index crystalline planes attributed to zincite

hexagonal structure, and further confirmed by selected

area electron diffraction (SAED) analysis which clearly

indicates the characteristic structure of crystalline

zincite—Fig. 2d. The elemental composition revealed

by EDX spectrum—Fig. 2e—shows the presence of the

zinc and oxygen elements, and also copper and carbon

which are related to TEM sample preparation, hence the

copper grid support and the amorphous carbon thin film

that covers the copper grid.

Crystalline structure—XRD

The XRD pattern of ZnO powder sample is presented

in Fig. 3, where the diffraction peaks corresponding to

different ZnO atomic planes with full width at half

maximum (FWHM) between [0.7�, 2.4�] are indexed,

being further individually analyzed in Table 1. All the

characteristic peaks of zincite have been identified,

associated to ZnO with hexagonal wurtzite structure

(bulk d-spacings values set), space group P63mc

(186), and lattice parameters of ao = 3.25 Å,

co = 5.207 Å. The confirmation structure of ZnO-

NPs was obtained based on Joint Committee on

Powder Diffraction Standards (JCPDS) Card File No.

00-036-145.

Thus, X-ray data were fitted using the PDXL-

integrated powder X-ray analysis software packages

(complete full version) version 1.8.1.0 from Rigaku

Corporation Japan. Mean crystallite size and strain

were estimated by various methods: the Halder–

Wagner method (variant of Hall–Williamson method)

and the Whole Pattern Profile Fitting WPPF method

(Rietveld analysis, Pawley method). Lattice parame-

ters refinement was performed with the same analysis

software package. Mean crystallite size was evaluated

with Scherrer formula:

Dhkl ¼
0:9k

b cos ðhBÞ
ð1Þ

where k is 1.50459 Å, b—FWHM, and hB—diffrac-

tion angle.

The Scherrer formula is ignoring strain and leads to

a value of the mean crystallite size of D = 9.5 nm

which is slightly higher than the values obtained by the

Halder–Wagner method, respectively by the Rietveld

(WPPF) method, which gave a similar value of D =

8.2 nm, e = 0.16 % (HW), respectively D = 8.7 nm,

e = 0.12 % (WPFF). Assuming a spherical shape of

the nanoparticles, the mean crystallite has only 15–16

unit cells (c-axis direction, normal direction on the

surface, t = 16.5 u.c., in-plane direction t = 15.3

u.c.). Refining the lattice constants values with PDXL

software, we have found ao = 3.24934 Å, co =

5.20702 Å, values which are slightly different than

those of the bulk zincite (ICDD/ASTM/JPCSD/COD

files). Those modified values of a & c axis lattice plane

spacing indicates a large concentration of defects and

may arise from oxygen and/or Zn vacancies. This fact

is consistent with the nanometer range (below 10 nm)

of the particle sizes. This slight increase in the c axis

value and the decrease of the a axis value reveals a

significant number of oxygen vacancies, vacancy

clusters and local lattice defects/disorder at the

interface. On its surface, ZnO-NPs possess some

incompletely coordinated ions with unpaired electron
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orbitals, given by existence of some dangling bonds

and eventually will determine the lattice contraction or

expansion (Soosen et al. 2009). The role of these

dangling bonds become more important as the NPs are

dispersed in solutions, because they form an array of

dipoles on surface originating in a boundary layer

which produce a repulsive force.

Chemical composition—FT-IR spectroscopy

Fourier transmission infrared (FT-IR) spectrum of the

ZnO-based mixture indicates (Fig. 4) a strong absorp-

tion band at 440 cm-1 associated with the character-

istic stretching vibration mode of Zn–O bond

(Kawabata et al. 2012), as well as two additional

bands at 618 and respectively, 680 cm-1 related also

to ZnO bonds. Although their intensities are at least

one order of magnitude lower, two peaks at 1,576 and

1,623 cm-1 attributed to the antisymmetric COO-

stretching vibration (Zhang et al. 2008) and the one at

1,123 cm-1 assigned to deformation mode of the CH3

group (Scott et al. 1995; Nakamoto 1986; Milev et al.

2004) indicate the presence of some very small

residues of zinc precursor—zinc acetate. Furthermore,

the O–O bands at 1,340 and 1,415 cm-1 (Cheng et al.

2009) should be related to the presence of oxygen ions,

and confirm the XRD observation. In addition, a small

peak appears at 1,022 cm-1 from C–O stretching

vibration, indicating CO2 absorption from the atmo-

sphere, and also a broad absorption band at

3,446 cm-1 assigned to the presence of stretching

vibration of the O–H bond is observed.

Optical properties—UV–Vis spectroscopy

Different concentrations of ZnO-NPs (25, 50 and

100 lg/ml) were dispersed in ultrapure water, and the

corresponding room temperature UV–Vis absorption

spectra were recorded using water as blank (Fig. 5).

The spectra exhibit the characteristic excitonic absorp-

tion peaks of ZnO at kpeak = 365 nm as a shoulder

with a long tail on the low energy side, assigned

to the intrinsic band-gap absorption of ZnO due

to the electron transitions from the valence band to the

conduction band (O2p ? Zn3d) (Sahoo et al. 2011).

Moreover, because bulk ZnO is a semiconductor, the

corresponding optical band gap of the nanocrystalline

Fig. 1 FE-SEM image of ZnO-NPs
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ZnO-NPs (E�g) can be determined from these absorp-

tion spectra, applying the classical formula:

E�g ¼
hc

k
ð2Þ

where h represents Planck’s constant (6.63 9

10-34 J s), c—speed of light (3 9 10-8 m s-1), and

k—wavelength of the adsorbed by the ZnO-NPs,

obtained from the linear fitting wavelength cut-off

(kcut-off = 396.2 nm).

Therefore, taking into account the experimental

cut-off wavelength, the effective band gap E�g calcu-

lated using the Eq. (2) has the value of 3.12 eV

(&0.05 9 10-17 J), which is below the bulk energy

band gap of ZnO (Eg
bulk 3.35 eV) (Berger 1997).

Fig. 2 HR-TEM images of ZnO-NP: a TEM image of ZnO-

NPs; b Bright Field TEM image of ZnO showing the amorphous

shell; c HRTEM image of two ZnO-NPs showing (110), (100),

and (101) characteristic crystallographic planes; d Indexed

SAED image corresponding of NPs from nanoarea imaged in

(a) showing the zincite structure of zinc oxide (with interplanar

distances corresponding for crystalline family planes with (100),

(101), (102), (110), (103), and (200) Miller index; e EDAX

spectrum
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The effective mass model for spherical particles

(Brus 1992) in its general form has been used to

calculate particle size from the absorbance spectra:

E�g ¼ Ebulk
g þ �h2p2

2r2

1

m�e
þ 1

m�h

� �
� 1:8e2

4pee0r

� 0:124e4

�h2 4pee0ð Þ2
1

m�e
þ 1

m�h

� ��1

ð3Þ

In this formula, E�g is experimental effective band

gap of ZnO-NPs, Eg
bulk—the bulk band-gap energy

(Eg
bulk 3.35 eV for ZnO-bulk), the second term

represents kinetic energy, the third term is Coulomb

interaction, and respectively, the last one is the

polarization term. The constants have the following

values: �h—reduced Planck’s constant, r—the particle

radius, m�e—the effective mass of electrons (m�e =

0.26m0), m�h is the effective mass of holes (m�h =

0.59m0), m0 is the free electron mass (9.11 9

10-31 kg), e is the charge on an electron (1.6 9

10-19 C), e0 is the permittivity of free space

(8.854 9 10-12 C2 J-1 m-1), and e is the relative

permittivity of the ZnO (e = 2.5). Equation (3) can be

written using this form (Swaminathan and Iutzi 2008):

Table 1 XRD peak fitting results for ZnO-NPs: peak positions and corresponding crystalline phase identification, crystallite size,

and lattice contraction

Experiment 2h (�) Phase data name Experiment d (Å) ASTM/ICDD do (Å) Size D (Å) (Scherrer) Dd/do (%)

31.8051 Zincite, syn(1,0,0) 2.81138 2.814 76.39 -0.093106

34.4248 Zincite, syn(0,0,2) 2.60321 2.603 76.11 0.008068

36.2870 Zincite, syn(1,0,1) 2.47377 2.476 75.93 -0.090065

47.5680 Zincite, syn(1,0,2) 1.91011 1.911 75.25 -0.046572

56.6647 Zincite, syn(1,1,0) 1.62315 1.625 75.21 -0.113846

62.8835 Zincite, syn(1,0,3) 1.47676 1.477 75.47 -0.016249

66.4604 Zincite, syn(2,0,0) 1.40569 1.407 75.72 -0.093106

72.5739 Zincite, syn(0,0,4) 1.30160 1.302 76.37 -0.030722

89.6941 Zincite, syn(2,0,3) 1.09232 1.093 79.77 -0.062214

95.4434 Zincite, syn(2,1,1) 1.04114 1.042 81.58 -0.082534

110.5722 Zincite, syn(3,0,0) 0.93713 0.938 88.61 -0.092751

116.4313 Zincite, syn(2,1,3) 0.90623 0.907 92.56 -0.084895

121.7706 Zincite, syn(3,0,2) 0.88173 0.883 96.99 -0.143828

134.0421 Zincite, syn(2,0,5) 0.83672 0.837 111.69 -0.033453

143.3072 Zincite, syn(2,2,0) 0.81158 0.812 129.92 -0.051724
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E�gr2 ¼ Ebulk
g r2 þ �h2p2

2

1

m�e
þ 1

m�h

� �
� 1:8e2r

4pee0

� 0:124e4

�h2 4pee0ð Þ2
1

m�e
þ 1

m�h

� ��1

r2 ð4Þ

This formula can be arranged as a second degree

equation (ar2 þ br þ c ¼ 0):

E�g � Ebulk
g þ 0:124e4

�h2 4pee0ð Þ2
1

m�e
þ 1

m�h

� ��1
" #

r2

þ 1:8e2

4pee0

r � �h2p2

2

1

m�e
þ 1

m�h

� �
¼ 0 ð5Þ

The semiconductor nanoparticle radius r is conse-

quently a solution of this equation, where, the

constants a, b, c can be calculated, taking the

following values:

a ¼ E�g � Ebulk
g þ 0:124e4

�h2 4pee0ð Þ2
1

m�e
þ 1

m�h

� ��1

¼ �2:12� 10�20 J ð6Þ

b ¼ 1:8e2

4pee0

¼ 1:65� 10�28 J m ð7Þ

c ¼ � �h2p2

2

1

m�e
þ 1

m�h

� �
¼ �3:34� 10�37 J m2 ð8Þ

The solution obtained following all the numerical

resolving steps is r = 3.89 9 10-9 m–3.9 nm for

ZnO-NP radius, which corresponds to an average

diameter of 7.8 nm. This result, obtained for ZnO-NPs

exhibiting an optical absorption peak at 365 nm, is in

agreement with those reported by Soosen et al. (2009)

where ZnO-NP of 5–8 nm size and absorbance peak at

362 nm have been studied.

Concluding the primary particles characterization

section, a good agreement between the optical mea-

surements’ results and the previous microstructural

analyses has to be pointed out: accordingly, while

UV–Vis absorbance optical mean diameter is 7.8 nm,

the SEM geometrical size was 8.5–9.0 nm, TEM

geometrical size was 6–14 nm, and XRD crystallite

size was 8.2–9.5 nm.

Distinguishing agglomerates and aggregates

in dispersed nanoparticles

Evaluation of the nanoparticle features—both hydro-

dynamic diameter and zeta potential—in dispersion,

especially at low concentrations, become of high

importance, since it has been shown that they can be

used to predict the effects on environment and human

health of, representing usually required analyses prior

to in vitro or in vivo further ones (Murdock et al.

2008). One issue of the present study was to evaluate

the stability of ZnO-NPs suspension in different pH

aqueous solution (Tso et al. 2010) and also, the effect

of monovalent electrolyte on surface charge and

hydrodynamic diameter.

The starting point for understanding the stability

and behavior of dispersed NPs regarding agglomera-

tion is the classical DLVO (Derjaguin, Landdau,

Verwey and Overbeek) theory (Mudunkotuwa and

Grassian 2010), which assumes that the interaction

between two nanoparticles is given by the sum of

attractive and repulsive forces between them. The van
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der Waals forces represent the attractive ones while

the electrostatic repulsive forces are given by the

interaction of the electrical double layer which

surrounds each particle. In this regards, electrical

double layer is considered to be important due to its

properties, zeta potential and the thickness, which can

be controlled by ion adsorption mechanism, surface

ionization, in the case of zeta potential and, by solution

ionic strength in the case of double layer thickness

(Jiang et al. 2009). Even if this method of analysis has

a well-known weakness consisting of the strongly bias

of results in the presence of a small fraction of large

particles, the very narrow distribution of investigated

particle sizes revealed by electron microscopy count-

ing methods allows us to advance toward DLS

ensemble characterization, which has been shown to

be repeatable, robust, and reproducible (Braun et al.

2011; Linsinger et al. 2012).

Aqueous dispersions of ZnO-NPs

Previous studies regarding the behavior of this type of

metal oxide nanoparticles in water reported the

presence of a hydroxide layer on zinc oxide surface,

soluble in water (Degen and Kosec 2000), and

furthermore, the formation of some aggregates at

low pH values. Consequently, our analyses were

focused on ZnO-NPs stability in aqueous dispersions

with pH ranging from 7 to 11.5 (the pH was adjusted

using 1 M HCl and 1 M NaOH solutions), where

different concentrations of nanoparticles (25, 50 and

100 lg/ml) have been added. The influence of aque-

ous solution concentration and pH on dh and

f-potential of ZnO-NPs are presented in Fig. 6a and

b, respectively.

The hydrodynamic diameters (dh) have been cal-

culated using the Stokes–Einstein equation, where the

diffusion coefficient (D), as the particles move in a

liquid, is gave by the autocorrelation function:

dh ¼
kBT

3pg0D
ð9Þ

where dh is hydrodynamic diameter (nm), kB—

Boltzmann’s constant (1.38 9 10-23 J K-1), T—

absolute temperature (K) and g0—medium viscosity

(kg/ms). The hydrodynamic diameter is the diameter

of a sphere that has the same diffusion coefficient as

the particles being measured, assuming a hydration

layer surrounding the particle or molecule. Besides the

hydrodynamic diameter, PCS measurements, the

nanoparticles size distribution by the PDI can be

obtained, where PDI is a subunit dimensionless index,

a value of 0.1 representing monodispersity (Tantra

et al. 2010).

As it is revealed by Fig. 6a, the concentration

increasing gives rise to higher hydrodynamic diame-

ters of ZnO-NPs. Their maximum values are obtained

close to the isoelectric point (IEP), where it is

supposed that the formation of large agglomerates

happens because the electrostatic repulsive forces

become weaker, being dominated by the attractive

Van der Waals ones. This fact is sustained by the

variation of the PDI: from 0.465 for 25 lg/ml to 0.483

for 50 lg/ml and 0.580 in the case of 100 lg/ml,

values higher enough to indicate a polydispersity of

the samples, stable solutions of aggregated

(b)
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nanoparticles—no visible particulates and no particle

settling are observed.

On the other hand, ELS, also known as Laser

Doppler Electrophoresis (LDE) or Laser Doppler

Velocimetry (LDV), was used for zeta potential (f)

measurements. If an electric field is applied across a

sample in a cell, charged particles suspended in the

medium are attracted toward the electrode of opposite

charge, this movement being called electrophoresis.

Particles movement produces fluctuations of light,

frequency of which is proportional with its velocity.

Accordingly, since the velocity is proportional to the

amount of charge of the particles, f potential can be

estimated by measuring the velocity of the particles

using Helmholtz–Smoluchowski equation (Jiang et al.

2009; Kosmulski 2009):

ve ¼
f� e� H

4pg
ð10Þ

where, ve represents the electrophoretic mobility, f—

zeta potential, e—the dielectric constant of the solvent,

H—potential gradient, and g—the viscosity of the

media. In our analysis, it is used as Smoluchowski

approximation.

For all mentioned concentrations, f potential is

positive when the pH is in range 7–9, indicating the

presence of Zn(OH)? adsorbed on zinc oxide particles

surface, and, when the values are larger, in the range of

pH 9–11.5, it become negative, indicating the presence

of hydroxylated zinc species, like Zn OHð Þ�4 and

Zn OHð Þ2�4 (Reichle et al. 1975). The IEPs for all

three concentrations are pointed out in the graphs,

being approximately 9, in good agreement with the

literature (Parks 1965), with values from 8.9 at the

lowest concentration to 9.1 at 50 lg/ml, and 9.3 at

the highest one—Fig. 6b. Moreover, the observed

shift of the IEP by 0.2 and, respectively, 0.4 pH units

could be explained by adsorption of negatively

charged impurity ions, as result of the increase in

negative surface charge (Yu 1997).

When pH is different from the IEP, dh is decreasing,

and the particles surface charge increases. In addition,

by increasing ZnO concentration, the corresponding

values of zeta potential are smaller, because of the

electric double layer compression (Brant et al. 2005),

due to minimizing electrostatic repulsions assigned to

particles agglomeration.

Surface energy of concentrated ZnO-NP dispersed

in water is thus decreasing and the electrical double

layer of each individual particle can overlap, enhanc-

ing the agglomeration process (Zhou and Keller 2010).

Acidic pH domain has a more pronounced behavior

when compared to alkaline values.

Increasing ionic strength effect

A step further was to evaluate the influence of both,

concentration and pH on hydrodynamic diameter and

surface charge when the ionic strength (IS) is

increased, and consequently solutions with different

salt concentrations (5 9 10-4, 10-3, 10-2, and

10-1 M NaCl) were prepared.

For intermediate particles concentration (50 lg/ml

ZnO-NPs), the influence of pH and IS of dispersion

media on hydrodynamic diameter and zeta potential is

shown in Fig. 7, where the latest data have been

analyzed in the view of the previous case, assuming IS

1E-5 1E-4 1E-3 0.01 0.1
400

600

800

1000

1200

1400

1600

1800
 Hydrodynamic diameter
Zeta potential

Ionic strength (M)

H
yd

ro
di

na
m

ic
 d

ia
m

et
er

 (
nm

)

5

10

15

20

25

30

35
Z

eta potential (m
V

)

Fig. 8 Influence of ionic strength on the average hydrodynamic

diameter and zeta potential of ZnO-NPs (50 lg/ml concentra-

tion; solution pH is 8)

Table 2 Hydrodynamic diameters (dh) and surface charges (f
potential) at different ionic strength levels

Ionic

strength

(M)

Hydrodynamic diameter Zeta potential

(mV)
dh

(nm)

PDI Average

error %

10-5 751.6 0.165 0.3 31.01

5 9 10-4 519.6 0.254 5.5 30.93

10-3 1239.3 0.320 1.8 16.42

10-2 1475.3 0.335 4.1 13.83

10-1 1638.4 0.450 2.5 7.62
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*10-5 M for water. Larger hydrodynamic diameters

have been recorded by increasing the ionic strength, as

the graphs from Fig. 7a shows, excepting the solution

with IS = 5 9 10-4 M, where dh takes the lowest

values. Moreover, the influence of electrical double

layer over the solution ionic strength is revealed in

Fig. 7b, in terms of compression (decreasing) of

electric double layer when increasing the IS dispersion

media for ZnO-NPs, as a result of the dominant Van

der Waals forces, being in good agreement with the

classical colloidal theory (Hunter 1981). When pH is

lower than IEP, zinc oxide nanoparticles are positively

Fig. 9 HR-TEM images of ZnO-NPs dispersed in 10-3 IS solution: a TEM image of ZnO-NPs; b, c HRTEM images of ZnO-NPs

showing the NP aggregates
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charged and for pH larger than IEP, the surface is

negatively charged. The IEP, as function of the

solution, ionic strength is presented in the Fig. 7b—

inset graph, and it confirms that, except the IS of

5 9 10-4, when the IEP has a higher value (9.23), all

the rest of IEP values are moving toward smaller

values of pH, from 9.18 when no salt is added, to 8.9

for 10-3, 8.87 for 10-2 and 8.78 for 10-1 M, when IS

is increased. This small variation makes us conclude

that sodium chloride is not an inert electrolyte for

ZnO.

In addition, a confirmation of these observations is

provided when the evolution of both parameters of

interest, dh and f potential, is verified for a fixed

pH (8) dispersion solution with different IS; the

measurements were done for 50 lg/ml concentration

Fig. 10 HR-TEM images of ZnO-NPs dispersed in 10-1 IS solution: a TEM image of ZnO-NPs; b, c HRTEM images of ZnO-NPs

showing NP aggregates and furthermore suggesting that the NP coalescence appears
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of ZnO-NPs (Fig. 8). Thus, in the case of water-based

dispersion without any salt, the dh is 751 nm and,

excepting the IS of 5 9 10-4 M where dh is decreasing

up to 519.6 nm; in all other cases, the dh is increasing,

to 1,239.3 nm for 10-3 M, 1,475.3 for 10-2 M, and

1,638.4 for the highest IS, when more concentrated

salts are added, as a result of the attractive forces

which governs the dispersion behavior, favoring the

NPs aggregation. These all values are given in Table 2

together with PDI, as well as f potential. The non-

linear decreasing/increasing of surface charge/hydro-

dynamic diameter can be explained by the particle–

particle interaction that is affected by the f potential

dispersion and IS.

As a result, agglomerated dispersions of nanopar-

ticles are observed. Regarding zeta potential, it can be

observed as a considerable decrease from 31.01 mV in

case of the lowest IS, to 30.93 mV for 5 9 10-4 M,

16.42 mV for 10-3 M, 13.83 mV for 10-2 M, and

then, 7.62 mV for the highest IS, such that there is a

decrease given by the unstable agglomerated disper-

sions and the compression of the electric double layer,

as it was mentioned earlier. Recently reported studies

have shown that primary nanoparticles can make

accumulations in the sense of agglomerations and

aggregates (Isfort and Rochnia 2009) and the behavior

of nanoparticles in different media is governed by

aggregation (Wilkinson and Lead 2007). In case of

agglomerates, there are some weak bonds that hold

together the primary nanoparticles, but when it is

referring to aggregates, the chemical bonds between

them are strong. In addition, the term of aggregates is

referring to coalescence process. DLS measurements

previously reported for aqueous dispersions of zinc

oxide nanoparticles revealed that some agglomerates

were formed.

HR-TEM characterizations were supplementarily

done to have a better image of aggregates formation

between primary nanoparticles (Zhang and Miser

2006). Figure 9 shows the aggregation process that

occurs when ionic strength is increased up to 10-3 M.

Under the influence of NaCl addition, the primary

nanoparticles’ shape is beginning to change, noticing

more nanoparticles with polyhedral shape (Fig. 9a).

Their sizes are increasing also, getting to be around

15.0–20.7 nm. Figure 9b shows the coalescence pro-

cess that occurs between dispersed ZnONPs in sodium

chloride solution: particles are getting very close to

each other, so that there are no boundaries between

them. Regarding lattice planes, it is marked out the

crystallographic planes with the interplanar distance

of 2.47 and 1.91 Å corresponding to crystalline planes

of Miller indices (101) and (102) attributed to the ZnO

structure and also, the filled cavity between them.

More relevant is the coalescence process observed in

Fig. 9c, where two nanoparticles are in contact with

their (100) and (101) directions, in the end these two

are becoming intertwined.

Similar phenomena was observed when IS is

increased up to 10-1 M (Fig. 10). There are also

observed aggregates and an overlapping of the nano-

particles, caused by the high salt concentration,

forcing the particles to stay together.

The evolution of the coalescence process is relevant

in Fig. 10b, c, where relatively large particles with

them. So, the conclusion that can be drawn from these

HR-TEM characterizations is that nanoparticles merg-

ing represent the main mechanism that could explain

the formation of aggregates.

Conclusions

Commercial ZincoxTM samples, used for coating glass

surfaces to achieve a durable UV light absorbance,

were the subject of this study, as a starting point

analysis for further toxicological analyses. The phys-

ico-chemical properties of ZnO-NPs with mean

diameter less than 10 nm, as well as state and stability

of these nanoparticles dispersions have been achieved

using different complementary techniques, where both

the powder samples and the corresponding aqueous

dispersions have been analyzed. Consequently, the

morphology (SEM, TEM), crystalline structure

(XRD), chemical composition (FTIR), UV absorbance

properties (UV–Vis spectroscopy) were obtained

using powder samples. It has to be mentioned that

fitting the data of three microstructural analyses leads

to well-correlated results; therefore, while UV–Vis

absorbance optical mean diameter is 7.8 nm, the SEM

geometrical size was 8.5–9 nm, TEM geometrical size

was 6–14 nm, XRD crystallite size was 8.2–9.5 nm.

Regarding the XRD data analyses, the strain calcu-

lated for each of the crystalline planes imposes the

refinement of the common Scherrer’s formula, and

two supplementary methods, Halder–Wagner (HW),

and respectively Rietveld (WPFF), have been pro-

posed, which gave the values of D = 8.2 nm,
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e = 0.16 %, respectively, D = 8.7 nm, e = 0.12 %.

The chemical composition determined by FT-IR

spectroscopy showed that besides the characteristic

stretching vibration of Zn–O in the range of 600–

400 cm-1, the presence of carbon and oxygen-based

bonds was observed as consequence of the preparation

methods. Moreover, the confirmation of the oxygen

vacancies has been obtained also by the rigorous XRD

analysis.

Since an important preliminary step for toxicolog-

ical studies represents the investigation of ZnO-NPs-

based dispersions’ stability, the influence of key

parameters, like concentration, pH and solution ionic

strength, have been monitored. DLS measurements

previously reported for aqueous dispersions of zinc

oxide nanoparticles revealed that some agglomerates

were formed, as a result of overlapping the electrical

double layer of each metal oxide nanoparticle. Ionic

strength is important for dispersion stability, in the

sense of obtaining larger hydrodynamic diameters

when increasing the ionic strength. The same effect

was observed in the case of bringing pH close to the

IEP. As a result, the stability of these dispersions

containing ZnO-NPs is decreasing due to the com-

pression of electrical double layer and the dominant

electrostatic repulsive forces. In the case of lower pH

than the IEP, the zinc oxide nanoparticles are

positively charged, and for pH higher than IEP, the

surface is negatively charged. Furthermore, the higher

the concentration of aqueous zinc oxide dispersions,

the more alkaline is the shift of the IEP, but when using

electrolyte salt as dispersion media for ZnO-NPs, the

IEP is getting rather low alkaline. Close to IEPs, the

hydrodynamic diameters have high values or it was

not possible to measure it, due to the agglomeration/

aggregation of the nanoparticles. At fixed, pH has been

observed agglomerated dispersions of nanoparticles

when ionic strength is increased from 10-5 to 10-1 M.

HR-TEM characterizations were supplementarily

done to have a better image of aggregates formation

between primary nanoparticles, and it was concluded

that nanoparticles merging represents the main mech-

anism that could explain the formation of aggregates.

Putting together the results of both powder NPs and

dispersion-based NPs, it has been observed that the

measured hydrodynamic diameters for different con-

centrations commonly used in toxicological analyses

are ten times higher than the primary ZnO-NPs. A

possible explanation of these high values might be

formation of Zn(OH)2, which are unstable, being in

equilibrium with different species, like Zn(OH)�3 and

Zn(OH)2�
4 . The results suggest that solution chemistry

exerts a strong influence on ZnO dissolution stability,

the complete set of analyses providing useful infor-

mation toward better control of dosage during biotox-

icological tests.
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