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Abstract In this study, the ZnO nanopowders were syn-
thesized by mechanochemical processing with a successive
thermal decomposition reaction. The initial reactants mix-
ture of zinc chloride and oxalic acid was milled from
30 min to 4 h and thermally treated for 1 h at 450 °C. The
influence of both, oxalic acid and the duration of milling,
on the crystal structure, average crystallite size, average
particle size, and the morphology of ZnO nanopowders
were investigated. The qualitative analysis was performed
using X-ray diffraction and Raman spectroscopy tech-
niques. While the XRD analysis shows perfect long-range
order and pure wurtzite structure of the synthesized ZnO
powders, Raman spectroscopy indicates a different middle-
range order; in addition, according to Raman spectra, it is
found that lattice defects and impurities introduced in ZnO
crystal structure depend on milling duration, in spite of
applied thermal treatment. The particle size distribution
was measured by laser diffraction, whereas the morphology
of the powders was determined by scanning electron
microscopy. Impurity contamination was studied using
inductively coupled plasma analysis. The obtained results
showed that the applied two-step method is appropriate for
the synthesis of high crystalline ZnO nanopowders, with
uniform spherical particles with diameter between 20 and
50 nm. Profound effect of aqueous solution of oxalic acid
to prevent agglomeration of final product is presented.
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Introduction

Zinc oxide, ZnO, is an attractive material because of its
unique properties, such as optical transparency, electrical
conductivity, piezoelectricity, and near-UV emission [1-6].
In particular, nanosized ZnO has wide application in (UV)
lasers, solar cells, varistors, gas sensors, transparent UV
resistance coatings, photo-printing, sunscreen lotions, cos-
metics, and medical creams.

In recent years, many studies have been carried out to
develop methods for the synthesis of ZnO nanoparticles.
The morphology of ZnO nanoparticles strongly depends on
the presence of different types of surfactants in the reac-
tion system [7]. Commonly used methods to produce
ZnO nanopowder are: precipitation [8], sol-gel process
[9], ultrasound-assisted synthesis [10], hydrothermal/sol-
vothermal synthesis [11], and mechanochemical processing
[12]. Mechanical milling has been extensively used for
the synthesis of nanocrystalline materials because of its
simplicity, relatively low-cost equipment, the large scale
production, and applicability for variety of materials. Ball-
milling technique operates at room temperature, which
increases safety and reduces energy utilization. In general,
mechanochemical processing has been recognized as a
powerful technique for the synthesis of a wide range of
semiconducting nanomaterials [12, 13], magnetic materials
[14], carbon nanotubes [15], etc., which could otherwise be
difficult to prepare using conventional methods. It has been
reported that mechanical milling induces not only mor-
phological and structural changes of the particles but also
modify their optical [11] and electrical [16] properties.
Most of the investigated mechanochemical synthesis pro-
cedures were preformed using mixtures of the appropriate
metal salt or hydrated metal salt and an inert matrix (pro-
cess controlling agents, PCA), which function is to prevent
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the agglomeration of the synthesized particles [17-24]. The
mechanochemically assisted method involves mechanical
activation of solid-state chemical reactions at low tem-
peratures in a ball mill. This process is characterized by
repeated welding and fracture of the reacting precursor
particles through ball-powder collisions, which continually
regenerate the reacting interfaces, allowing chemical
reactions to occur. Milling reduces particle size, which
results in an increase of the surface area available for
reaction, leading to the formation of a nanosized interme-
diate compound. During the subsequent heat treatment
separated nanocrystals surrounded by appropriate solid
matrix of the desired phase were formed. Matrix phase
usually can not be decomposed during the milling or
thermal treatment, however, it can be simply removed by
washing process in the final step [24].

There are three common reaction routes for the synthesis
of ZnO nanoparticles by mechanochemical methods. The
first is the milling a mixture of ZnCO3-Zn(OH), and NaCl,
as PCA, followed by the calcinations of the milled powder
mixture [25]. This synthesis procedure has industrial
application. The second one is a solid-state reaction of
7ZnCl, and Na,CO; to form ZnCOj; intermediate and NaCl
as PCA by the subsequent thermal treatment of ZnCO;5
[19, 26], and the third is the milling of zinc acetate
Zn(CH3COO0), and oxalic acid C,H,04-2H,0 followed by
a thermal decomposition reaction [27].

In our previous study [28] the influence of both, the
milling time and the presence of an inert inorganic salt
matrix, on the characteristics of ZnO and ZrO, powders
have been investigated. The materials used for the prepa-
ration of the ZnO powder were ZnCl, and Ca(OH),. The
mixture of the powders was treated in agate vials with
alumina balls. The synthesized ZnO powder was consisted
of nanoparticles, however, with wide particle size distri-
bution (PSD) between 50 and 200 nm.

In this article, we extended our previous study to
investigate Mechanical-Thermal Synthesis (MTS)—
mechanical activation followed by thermal activation [29]
of ZnO from ZnCl, and oxalic acid (C,H,04-2H,0) as
reactants with the intention to obtain pure ZnO nanopow-
der. Furthermore, the aim of the study was to examine the
effects of the oxalic acid as an organic PCA, and different
milling times, on the crystal structure, average particle size,
and the morphology of ZnO nanopowders.

Experimental procedure

The mixture of ZnCl, and H,C,0,4-2H,0 powders with a
molar ratio of 2[HC204]_:Zn2+ and total quantity of 19.4 g
was sealed in an agate vial (500 mL) with alumina balls
(@ 8 mm). Milling was performed in a planetary ball mill

Retsch PM4, using the ball-to-powder mass ratio 10:1. The
mechanochemical processing was carried out for 30, 60,
120, and 240 min, at 180 rpm, applying reversal mode of
milling. It can be emphasized that during the milling the
increase in the vial temperature was not observed. In all
examined cases, throughout the process of milling, reac-
tants mixture was transformed in a paste state intermediere
phase. The obtained pastes were dried at 100 °C for 1 h,
yielding highly hygroscopic zinc oxalate powders. In the
next step, as-prepared powders were thermally treated at
450 °C in air for 1 h. The temperature of 450 °C was
chosen as the necessary for decomposition reaction from
ZnC,04-2H,0 to ZnO [20]. Every synthesis procedure was
repeated at least twice. Synthesized ZnO powders were
denoted as ZnO-30 to ZnO-240 according to milling time.

Furthermore, the influence of the wet-milling conditions
on the ZnO average particle size and morphology is exam-
ined. For that purpose, instead the solid-phase oxalic acid as
the initial reactant an aqueous solution of oxalic acid was
used (12.6 g of oxalic acid in 25 mL of deionized water). As
aresult of water addition to the initial reactants mixture ball-
to-powder mass ratio was changed to 4.4:1. All the other
experimental conditions were equal to previous ones.

The list of prepared samples and experimental condi-
tions is shown in Table 1.

The phase composition and average crystallite size of the
prepared powders were investigated at room temperature
using X-ray diffraction measurements. The XRD data were
collected on a Philips PW-1050 automatic diffractometer
with Cu K,; ; radiation, at 40 kV and 20 mA. The diffraction
measurements were done over scattering angle 26 from 0 to
80° using a step size of 0.02° and a counting time of 2 s per
step. The Raman spectra of the powders were obtained as a
result of the backscattering geometry using a g-Raman sys-
tem with a Jobin Yvon T64000 triple monochromator,
equipped with a liquid nitrogen cooled charge-coupled-
device (CCD) detector. The 514.5 nm line of an Ar-ion laser
was used as an excitation source. The measurements were
performed at a laser power of 80 mW. The Raman spectra
were recorded in the frequency interval 50-1600 cm™'. The
morphology of the prepared ZnO powders was analyzed
using a JEOL JSM-6460 LV scanning electron microscope
(SEM) and field emission SEM (FE SEM) SUPRA 35 VP
Carl Zeiss. The ZnO powders were gold-coated for SEM
imaging, while for the FE SEM analysis the powders were
dispersed in ethanol, filtrated, and then carbon coated.

The average particle size, PSD, and the nature of
agglomerates were determined by the particle size analyzer
(PSA) Mastersizer 2000 (Malvern Instruments Ltd., UK),
based on laser diffraction, which covers the particle size
range of 0.02-2000 pum.

The degree of contamination of the ZnO powders during
mechanical treatment was determined using an inductively

@ Springer



3718

J Mater Sci (2011) 46:3716-3724

Table 1 List of the prepared samples, experimental conditions, and calculated crystallite sizes

Samples Reactants Precursor First-step milling Second-step thermal Crystallite size (nm)
time (min) decomposition
[002] [100] [101]

Zn0-30 ZnCl, and H,C,04-2H,0 ZnC,04-2H,0 30 450°C, 1 h 41 46 40
Zn0-60 60 47 51 45
Zn0-120 120 35 38 34
Zn0-240 240 40 43 38
*7Zn0-240 240 40 43 38
*7Zn0-240 was synthesized in aqueous solution phase
coupled plasma spectrometer (iCAP Thermo Scientific ® _ =
6300). The samples for analysis were diluted in concen- é o 2
trated HCI. Potential impurities can be introduced into the ] ~ S g a
system due to physical or chemical interaction between the | s T T gsgg §

: : o ; . | 1§88 8
material of the container and/or milling medium with the J ) J M= X
reactants’ mixture. In the experiments presented in this (e)

study, two chemical elements could appear as impurities,
Al—from the alumina balls, and Si—from the agate vial.

Results and discussion

In the first-step of ZnO nanopowders synthesis, the mixture
of reactants was milled from 30 min to 4 h. According to
XRD pattern (Fig. 1a) after 30 min of mechanical milling,
the diffraction peaks related to the ZnCl, completely dis-
appeared, small amount of oxalic acid exists (sufficiency of
oxalic acid is prearranged to work as PCA); furthermore, it
is found that zinc oxalate ZnC,04-2H,O was produced.
This indicates that energy developed during mechanical
milling induced chemical reaction between the starting
powders. Prolonged milling to 4 h did not change reaction
product which implied second-step of synthesis—thermal
decomposing of intermediere. XRD patterns of ZnO pow-
ders prepared by this two-step processing are presented in
Fig. 1b—f. All of the reflections presented at the XRD
patterns correspond to the single-phased ZnO with a
wurtzite hexagonal structure (JCPDS Card No. 36-1451)
[22]. The narrow reflections and low level of background
confirm good crystallinity of the prepared ZnO powders.

Thus, according to X-ray data, two-step synthesis of ZnO
nanopowder can be presented by following: the high-energy
mechanical milling initiates mechanochemical reaction(s)
between the starting powders, which leads to the formation
of the zinc oxalate intermediere. The formation of zinc
oxalate is described by the chemical reaction (1):

ZnCl, + C,H,04 - 2H,0 — ZnC,04 - 2H,0 4+ 2HCL (1)

In the second step, the zinc oxalate intermediere was
thermally decomposed at 450 °C in air atmosphere [20]
according to the chemical reaction (2),
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Fig. 1 XRD patterns of: (a) reactant precursors obtained after milling

for 30 min; (b) ZnO-30; (c) Zn0-60; (d) ZnO-120; (e) ZnO-240, and
(f) *Zn0O-240

ZnC,04 - 2H,0 + 0.50; — ZnO + 2CO, + 2H,0
(2)
yields to light yellow powder of ZnO [27, 30, 31].
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Furthermore, the XRD data were used for the calcula-
tion of the ZnO crystallite size. The crystallites size (D)
was calculated according to the Scherrer’s equation (3):

KA
p=-24
B, cos O’ 3)

where A is the wavelength of X-ray radiation; K is the
shape coefficient and is approximately equal to one; 0 is
the diffraction angle (°) and f3, is the full width at half
maximum of reflection at the diffraction angle (radian)
[32, 33].

For calculation of crystallites size, three crystallographic
directions [002], [100], [101], characteristic for hexagonal
symmetry of ZnO, were chosen, allowing also estimation
of their morphology. The obtained results refer to isomet-
rically shaped crystallites of ZnO nanopowders. Moreover,
crystallites sizes slightly depend on milling time. The
calculated crystallites sizes are listed in Table 1.

So, the XRD pattern confirms the pure wurtzite structure
of ZnO regardless of the mechanical milling duration. It is
known from literature that prolonged mechanical milling
can cause some crystalline defects in the crystal structure of
ZnO. However, the existence of the single wurtzite phase in
XRD patterns does not mean that the crystalline structure of
ZnO has not been distorted by mechanical milling, since the
crystalline defect may be of small size and not detectable by
XRD. Otherwise, Raman spectroscopy is frequently used to
study changes of the crystal structure, lattice defects, par-
ticle size, or introduction of secondary phases in ZnO
materials since the Raman scattering signal is dependent on
the electron—phonon interaction. Raman studies of ZnO
materials have revealed a strong dependence of the spectral
features on the nature and concentration of impurities
present in the ZnO host lattice.

Hence, the effect of mechanical milling on the crystal
structure of ZnO was studied by Raman spectroscopy.
Hexagonal ZnO crystals with a wurtzite structure belong
to the Cév (P63mc) space group with two formula units per
primitive cell, where all atoms occupy 2b sites of Cs,
symmetry. According to the group theory, the following
optical modes are present: I'opy = Ay + 2B + E; + 2E,.
Among them, A, E;, and E, are Raman active, whereas
B, is forbidden. A; and E; are polar and split into trans-
verse optical (A; TO and E; TO) and longitudinal optical
(A; LO and E; LO). E, mode consists of two modes of
low and high frequency phonons (E12OW and Egigh), which
are associated with the vibration of the heavy ZnO sub-
lattice and oxygen atoms, respectively. The room tem-
perature Raman spectra of the prepared ZnO powders are
shown in Fig. 2.

First of all, the Raman spectra of the investigated ZnO
powders showed very high luminescence, indicating the
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Fig. 2 Raman spectra of: (a) ZnO-30; (b) ZnO-60; (c) ZnO-120;
(d) Zn0-240, and (e) *Zn0-240

particle size above the critical limit, i.e., the existence of
nanoparticles with large surface-to-volume ratio. All
modes that appear in the Raman spectra of the ZnO-30
(Fig. 2a) can be assigned to wurtzite structure [34]. The
most intensive band is E12OW at 99 cmfl, attributed to
vibrations of the zinc sublattice in ZnO [34, 35]. The peak
at 335 cm ™' is assigned as the second-order acoustic mode.
The sharp and strong peak at 438 cm ™! corresponds to the
E;ighmode of ZnO, and is assigned to oxygen vibration.
The optical phonon peak at 542 cm™ " is assigned to the LO
mode of A; symmetry. This broad band consists of two
more bands, at 571 and 584 cm ™' which can be assigned to
A; (LO) and E; (LO) modes, respectively. The appearance
of the A; (LO) and E; (LO) bands in a Raman spectrum of
ZnO is due to the formation of structural defects (oxygen
vacancies and zinc interstitials), besides, the £; (LO) mode
is more strongly affected by these effects [34]. The Raman

peak located about 1120 cm™" corresponds to the optical
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overtone [36]. The peak at ~ 1380 cm™ ! indicates three-
phonon Raman scattering processes, A; (TO) + A,

(LO) + Egigh [37]. Thus, ZnO-30 has wurtzite hexagonal
structure with introduced lattice defects. For the further
analysis of the influence of the milling time on wurtzite
structure three characteristic Raman bands were chosen:

EYY, Egighand A (LO) + E; (LO). Raman spectra of the
Zn0-60 to *Zn0-240 powders, Fig. 2b—e, have EX and

El;igh bands, which indicate the wurtzite crystal structure,
and is in accordance with the results of XRD measure-
ments. Furthermore, it is observed that the increases of
milling time in first-step of synthesis process suppressed
broad band in Raman spectra at 540580 cm™" attributed
to A, (LO) + E; (LO) mode caused by defects. According
to Raman spectra structural defects disappear after 2 h of
milling yielding to ZnO powders of very good crystal
quality. These results can be explained by ordering of
precursor ZnC,0, crystal structure during prolonged mill-
ing, which is further repercuted on crystal structure of ZnO.
Furthermore, *Zn0-240 powder possesses the most
ordered wurtzite crystal structure the (Fig. 2e) [38]. How-
ever, bands at near 155 and 280 cm™!, which are not
observed in spectra of ZnO-30 and -60, appear in the
spectra of ZnO-120 to *ZnO-240. These bands are not
characteristic for the wurtzite crystal structure; they rep-
resent second phase(s) and can be attributed to impurities
introduced during milling.

Thus, although the XRD analysis shows a perfect long-
range order, i.e., a pure wurtzite crystal structure for all of
the ZnO powders, Raman spectroscopy indicates that at the
middle-range scale, lattice defects and impurities intro-
duced into ZnO powders depend on milling time, in par-
ticular, prolonged milling reduces crystal defects but
introduces impurities.

Effect of milling time onto morphology of final ZnO
powders was examined by SEM, Fig. 3. According to the
SEM image of the ZnO-30, Fig. 3a, b, it can be seen that
the most of the particles are organized in agglomerates with
dimensions up to a 1 pm. Figure 3c, d represent mor-
phology of ZnO-60; it can be noticed that prolonged
milling time up to 1 h yields small changes in the particles
morphology. There are no clearly separated particles;
agglomeration is still obvious. In the samples ZnO-120,
Fig. 3e, f, and ZnO-240, Fig. 3g, h, important changes in
particle shape are obvious. From Fig. 3f, h it is evident that
a prolonged mechanochemical process yields almost geo-
metrically ideal spheres of ZnO. There are lots of isolated
single particles, hence agglomeration is not dominant. A
significant reduction in the particle size is achieved: the
sample milled for 2 h had particles with an average
diameter between 120 and 140 nm (Fig. 3f), while after 4 h
of milling the average diameter decreased to between 50
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and 90 nm (Fig. 3h). These data collected from the SEM
micrographs indicate that the morphology of the ZnO
particles as well as their consistence (agglomeration)
are determined by the duration of the milling process,
regardless to the applied thermal treatment. Precisely,
prolonged milling reduced particle size, improved their
geometrical shape and softened agglomerates. This can be
explained by following: milling of ZnCl, and H,C,O4-
2H,0 led to the formation of nanocrystalline zinc-oxalate
precursor which was partly isolated in the organic matrix.
This prevented the agglomeration of the particles during
the thermal treatment since organic matrix can not be
thermally decomposed.

Hence, the particle size estimated from the SEM images
is ranged between 50 and 140 nm. Furthermore, the PSD
was measured by a laser PSA and results are represented
over number and volume. Since the synthesized powders
are mostly the agglomerates of the primary nanoparticles,
the correctness of this measurement technique depends on
the quality of the powder dispersion. Here, after the pow-
ders were dispersed for 30 s with the aid of low-intensity
ultrasound, the following results were obtained: the num-
ber-based PSD was very narrow; 10% of particles (d;¢)
were smaller than 35 nm, 50% of particles (ds)) were
approximately 60 nm in size, while more than 90% (do) of
the particles were smaller than 130 nm. The results pre-
sented over volume are noticeably different; in particular,
particles are agglomerates with dgy between 18 and 27 pum,
depending on milling time. Precisely, for the sample milled
30 min dg is 21 pm, after 1 h of milling dyg increased up
to 22.5 pm, while prolonged milling time of 2 h yield
agglomerates with dimensions of 27 um. Finally, after 4 h
of milling a reduction of agglomerates is observed i.e., dgg
decreases to 18 um. The corresponding PSDs over number
and volume, with the inserted values of d,, dsg, and do, are
presented at right-hand side of Fig. 3. This is valid for all
ZnO powders whose morphology is presented in Fig. 3. It
can be emphasized that the synthesized ZnO powders are
uniform nanopowders.

According to the results of number-based PSD, where
during 30 s of low-intensity irradiation of the ZnO powders
the existing agglomerates (up to 1 pm) were fractured into
primary particles (down to 50 nm), it can be concluded that
during low-temperature calcination soft aggregates were
formed with weak van der Waals forces between particles,
without a sintering process. A large discrepancy between
dy, dso, and dog presented over number and volume can be
explained by existence of a large number of isolated ZnO
nanoparticles occupying a small volume in measurement
batch during PSA simultaneously with a neglected number
of voluminous agglomerates conserved during ultrasound
dispersion.
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Fig. 3 SEM images of: a, b Zn0O-30; ¢, d ZnO-60; e, f ZnO-120, and g, h ZnO-240. Low-magnification images (x50,000): (a), (¢), (e), and (g);
high-magnification images (x100,000): (b), (d), (f), and (h). Corresponding PSDs are presented on the right side

The number-based average particle size of a ZnO
nanocrystal, around 60 nm, as observed from the particle
size analysis and the SEM data, well matched with the
crystallite size calculated from the line shape of X-ray
diffraction.

Some improving results were obtained from SEM of the
*7Zn0-240. The size of the synthesized ZnO particles was
comparable to that of the particles in the sample milled
without the presence of water, but with increased diameter
uniformity. Furthermore, the milling in the aqueous solu-
tion of oxalic acid decreased the agglomeration of the

formed ZnO particles. The corresponding SEM images are
given in Fig. 4: in (a) low magnification (x50,000) and in
(b) high (x150,000) magnification. The ZnO particles
show almost ideal spherical shapes, they are well dispersed
and non-agglomerated, with a diameter ranging between 15
and 50 nm, Fig. 4a—d. The PSD over number and volume,
with the inserted values of dy, dsp, and do is presented at
the bottom of Fig. 4. Number-based PSD is very similar to
the above presented (Fig. 3). Furthermore, volume-based
PSD confirms the presence of softer agglomerates of
the ZnO nanoparticles. Precisely, a larger reduction of
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Fig. 4 SEM (a, b) and FE SEM
(c, d) images and (bottom)
corresponding particles size
distributions of *Zn0-240

agglomerates diameter (dog ~ 5.6 um) is observed for the
sample milled for 4 h in the presence of aqueous solution
of oxalic acid compared to the result for the sample milled
without the presence of water (dgg ~ 18 pum) for the same
milling time. These results indicate that the wet-milling
conditions are favorable for production of ZnO nanosized
powders with small number of soft agglomerates.

The number-based particle dimensions observed by a
laser PSA (35-115 nm) are somewhat larger than the
corresponding dimensions estimated from the SEM
micrographs (15-50 nm). The discrepancy is probably due
to the tendency of the active ZnO primary particles to
aggregates in water dispersion during the measurements of
the size distribution. Hence, in spite of true particle size,
the results of PSA indicate the size of ZnO aggregates.

Here we want to explain an improving effect of milling
in aqueous solution of oxalic acid compared to dry milling
in solid oxalic acid. In the both cases oxalic acid has
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twofold function; it acts as the reactant involved in syn-
thesis procedure, and as PCA [21, 39]. During the dry
milling process, zinc-oxalate precursor was partly isolated
in the small sufficiency of organic matrix, which prevents
the agglomeration of the ZnO particles during the thermal
decomposition of zinc oxalate. On the other hand, the
aqueous solution of oxalic acid decreases viscosity of the
slurries, the PCA coated a large surface area of the pre-
cursor particles [40, 41]. It results in less disorderly fluted
and smoother surfaces, which improves the applicability of
the resulting products made from the ceramic powder. As a
result of an appropriate pH range in the starting reactant
mixture, oxalic acid plays another very important role in
the synthesis process. As a passivating agent, it ensures a
relatively uniform surface charge on the ceramic particles,
providing an electrostatic barrier to agglomeration. Hence,
the profound effect of oxalic acid as the starting reactant
and the passivating agent was shown. In addition, it is
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Table 2 Concentrations of Si and Al in the ZnO powders

Samples Concentration (pg/g)

Si Al
Zn0-30 / /
Zn0-60 / /
Zn0-120 285 380
Zn0-240 400 525
*7Zn0-240 940 575

shown that by design of oxalic acid viscosity the degree of
agglomeration can be controlled.

Since Raman spectroscopy indicates existence of second
phase in the ZnO powders, inductively coupled plasma
(ICP) emission spectroscopy was used to determine
the degree of contamination of the powders during the
mechanical treatment. Two elements can be considered as
possible impurities, Al from the alumina balls and Si from
the agate vial. The concentrations of the impurities are
listed in Table 2; the amount of foreign elements increases
with the increasing of milling time, which is typically for
mechanochemistry. The *Zn0O-240 powder contains the
highest amount of impurities, especially Si; that can be
explained by lower viscosity of aqueous solution of oxalic
acid (PCA) which allowed stronger collisions between the
balls and the agate vial. However, the highest amount of
second phases is less than 2% wt.

Conclusions

In this article, the results of a detailed study of a controlled
mechanochemically assisted synthesis of ZnO nanopow-
ders in the presence of oxalic acid were presented. The
mixture of initial reactants (zinc chloride and oxalic acid),
was milled from 30 min up to 4 h, and subsequently
annealed at 450 °C for 1 h. The influence of both oxalic
acid and the duration of milling on the properties on the
final ZnO powders were investigated. The qualitative
analysis of the prepared powders was performed using
XRD and Raman spectroscopy. The XRD analysis showed
perfect long-range order and pure wurtzite structure of the
synthesized ZnO powders, irrespective of the milling
duration. Quite contrary, Raman spectroscopy indicates
a different middle-range order of the ZnO powders.
According to the Raman spectra it can be concluded that
lattice defects and impurities introduced in the ZnO crystal
structure depend on the milling duration; precisely, pro-
longed milling improved ZnO crystal structure by reducing
of crystal defects, but introduced impurities. Moreover,
room-temperature Raman spectra of ZnO nanopowders
showed high luminescence.

From the SEM images, it is observed that the mor-
phology of the particles strongly depends on the milling
time of the reactants mixture, regardless of the further
thermal treatment. The sample milled for 30 min contained
particles organized in agglomerates with dimensions of a
micron. Prolonged milling yielded almost geometrically
perfect spheres of ZnO as well as a significant reduction in
the average particle size; after 4 h of milling the average
diameter decreased to 50 and 90 nm. The number-based
average particle size of the ZnO powders estimated by the
dynamic light scattering and SEM analyses was approxi-
mately 60 nm, which is well matched with the average
crystallite size calculated from the line shape of X-ray
diffraction (from 40 to 50 nm).

Moreover, this study demonstrated the profound effect
of aqueous solution of oxalic acid as the starting reactant
and the passivating agent in the first-step of ZnO synthesis.
While ZnO powders with average particles between 50 and
90 nm were prepared using a dry milling process, during
the wet-milling procedure the average particle size is
reduced to between 15 and 50 nm. Evidently, separable
crystalline ZnO particles with no significant agglomeration
were obtained. In addition, the synthesized ZnO particles
were almost ideal spheres. Hence, it is shown that by
design of oxalic acid viscosity the degree of agglomeration
can be controlled. This synthesis method may potentially
be used for the commercial production of fine ZnO
powders.
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