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The  nanocrystalline  ZnO  powders  were  obtained  by mechanochemical  treatment  of  zinc  carbon-
ate  hydroxide.  The  mechanical  activation  was  carried  out  in a planetary  ball  mill (Fritsch–Premium
line–Pulversette  No  7) by varying  of  the  milling  speed.  The  phase  and  structural  transformation  was  inves-
tigated  by  X-ray  diffraction  (XRD)  and  infrared  spectroscopy  (IR).  The  morphology  of  the  obtained  ZnO
powders  was  characterized  by  scanning  electron  microscopy  (SEM).  The  crystallite  size  of the  samples
calculated  from  XRD  and  the  SEM  observation  were  in  the  range  from  8  to 50  nm.  The  optical  proper-
ties  were  investigated  by UV–vis  spectroscopy.  The  photocatalytic  activity  was  studied  with  respect  to
echanochemical synthesis
nO
ptical properties
hotocatalytic activity

the photodegradation  of  Malachite  green  (MG)  under  UV-light  irradiation.  The  milling  speed  of  500  rpm
led to  full  amorphization  of  the  initial  zinc  carbonate  hydroxide.  After  heat-treatment  at  400 ◦C  of  X-ray
amorphous  sample  single  ZnO  powder  (20  nm)  was  obtained.  The  direct synthesis  of  ZnO  nanoparticles
(8  nm)  was achieved  at milling  speed  of  1000  rpm  for short  time  (90  min).  The  mechanochemically  syn-
thesized  ZnO  powders  possess  good  optical  and  photocatalytic  properties.  The  additional  heat-treatment
improved  the  photocatalytic  activity  and  the  transparency  of ZnO  powders  in  the visible spectral  range.
. Introduction

ZnO is one of the most important inorganic materials which
nds many industrial applications: varistors [1,2], UV-light emit-
ing diodes [3], UV laser [4],  gas sensors [5],  photocatalysts [6,7]
nd photovoltaic devices [8].  The properties of ZnO are due to the
act that it is a semiconductor, with a wide band gap of 3.37 eV,
arge exciton binding energy of 60 meV, chemical and thermal sta-
ility [9–11]. The method of preparation as well as crystalline size
nd morphology of the particles influence the properties of the final
roduct [12–31].  Several methods for the synthesis of ZnO nanopar-
icles have been reported in the literature: hydrothermal synthesis
13], acid-assisted annealing process [14], co-precipitation [15,16],
ia H2O2 pre-oxidation [17,18],  sol gel [19–21],  thermal decompo-
ition of zinc carbonate hydroxide [22–25] and mechanochemical
ynthesis [26–31].  It is well known that the mechanochemical
ctivation generates various types of defects in the structure
f materials which lead to a higher reactivity and a reduction

f the time needed for the solid state synthesis [32–35].  The
uture development on this method called “soft mechanochemical

ethod” was suggested by Senna and co-workers using hydroxides,
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hydrates or carbonates as precursors [34,35]. Thus the processes
of chemical reaction can be accelerated. For the first time Tsuzuki
and McCormick [26] realized a solid-state displacement reaction
between ZnCl2 and Na2CO3 by mechanochemical processing, form-
ing of ZnCO3 in a NaCl matrix. The additional heat treatment was
used in order to decompose ZnCO3 and to obtain ZnO nanoparti-
cles. This approach was  applied latter by other authors [27–31].
The ZnO powders synthesized by this method possess high optical
transparency [29,31].

The purpose of this study is to perform soft mechanochemical
synthesis of ZnO powders using zinc carbonate hydroxide as a pre-
cursor. The advantage of this approach is to avoid the formation of
intermediate ZnCO3 and additional heat-treatment for its decom-
position. The photocatalytic activity and optical properties of the
final products were investigated.

2. Experimental

The zinc carbonate hydroxide (Fluka) which is a mixture of hydrozincite
Zn5(CO3)2(OH)6 (JCPDS-14-0256) and Zn4(CO3)2(OH)6·H2O (JCPDS-03-0787) was
subjected to intense mechanical treatment in air using a planetary ball mill
(Fritsch–Premium line–Pulversette No 7). Both vials and balls were of stainless steel.
Different factors affect the milling process such as: type of mill, milling speed, time,

ball-to-powder mass ratio, starting materials, etc. In this investigation we selected
two  milling speed (500 and 1000 rpm) in order to check their influence on phase
and  structural transformation during the mechanical activation. The ball-to-powder
mass ration and the ball diameter were constant. The samples A and B were mechan-
ically treated as follows:

dx.doi.org/10.1016/j.jallcom.2011.12.169
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Fig. 1. XRD patterns of the sample A (mechanically treated at 500 rpm) as a function of milling time.

Fig. 2. XRD patterns of the sample B (mechanically treated at 1000 rpm) as a function of milling time.
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Fig. 4. IR spectra of the sample A (mechanical treatment of 500 rpm): (a) before

400 C for 2 h and average crystallite size was  20 nm (Fig. 3). The
ig. 3. XRD patterns of the mechanically treated samples (A and B) after heat treat-
ent.

(i)  Sample A, milling speed of 500 rpm, milling time from 60 to 600 min, ball to
owder mass ration was  10:1, ball of 5 mm in diameter, heat-treatment at 200 and
00 ◦C in air for 2 h.

(ii) Sample B, milling speed of 1000 rpm, milling time from 30 to 120 min, ball
o  powder mass ration was 10:1, ball of 5 mm in diameter, heat-treatment at 200 ◦C
n  air for 2 h. The phase and the structural transformations were investigated by
-ray diffraction (XRD) and infrared spectroscopy (IR). Powder XRD patterns were
egistered with a Bruker D8 Advance diffractometer using Cu-K� radiation in the

�  range 15–80◦ . The “PowderCell” version 2.4 program was used to estimate the
verage crystallite size of the ZnO powders from the full-width half-maximum of
he diffraction peaks. The integral width and the instrumental broadening of the all
iffraction peaks were taking into account [36]. “Perfect” Al2O3 powder was used as
mechanical treatment; (b) after 60 min  milling time; (c) after 120 min  milling time;
(d)  after 600 min  milling time; (e) after 600 min  milling time and heated at 400 ◦C.

a  reference to determine the instrumental resolution function of the diffractome-
ter. The microstrains broadening was not taken into account and that yield to a
higher estimate of the particle size. The ICP (optical emission spectrometer induc-
tively coupled plasma) analysis showed that the sample mechanically treated at
1000 rpm for 90 min  milling time contains 41,884 mg/l (0.08 at%) of Fe metal as
contaminants. Infrared spectra were registered in the range 1600–400 cm−1 on a
Nicolet-320 FTIR spectrometer using the KBr pellet technique. The morphology of
the obtained ZnO powders was analyzed by scanning electron microscopy (JEOL-JSM
6390). The specific surface area of the samples was measured using a modified BET
method. The optical properties were measured at room temperature using Evolution
300 UV–VIS Spectrophotometer in the range 200–1000 nm wavelength. The photo-
catalytic activities of the obtained ZnO powders were evaluated by degradation of
a  model aqueous solution of Malachite Green (MG) upon UV-light irradiation. The
UV  illumination was carried out by UV-lamp (Sulvania BLB, 18 W,  � ∼315–400 nm).
A  Malachite Green (MG) solution (150 mL, 5 ppm) containing 0.1 g of as-prepared
powder was placed in a glass beaker. Before the light was turned on, the solution
was  first ultrasonicated for 10 min and then stirred for 10 min to ensure equilib-
rium between the powders and the solution. Volumes of 3 ml  solution were taken
at given time intervals and separated through centrifugation (5000 rpm, 5 min).
Then the concentration of MG in the solution was investigated with a Jenway 6400
spectrophotometer.

3. Results and discussion

Fig. 1 shows the results from the XRD study of sample A
(mechanical treatment at 500 rpm). The process of amorphiza-
tion started at 60 min  and finished after 600 min  milling time. As
obtained X-ray amorphous sample was  heat-treated at 200 ◦C and
ZnO (JCPDS-36-1451) crystals and Zn5(CO3)2(OH)6 were formed.
The full synthesis of ZnO was  achieved after heat treatment at

◦

increase in milling speed to 1000 rpm (sample B) led to the direct
synthesis of ZnO that began at 30 min and accomplished after
90 min  milling time. The average crystallite size of the obtained
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Fig. 5. IR spectra of the sample B (mechanical treatment of 1000 rpm): (a) before
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Fig. 6. (a) SEM image of sample A (mechanical treatment of 500 rpm and heated at
◦

echanical treatment; (b) after 30 min  milling time; (c) after 90 min  milling time;
d)  after 120 min  milling time; (e) after 120 min  milling time and heated at 200 ◦C.

nO powders was 8 nm (Fig. 2). New phase transformation and
ignificant size changes of ZnO particles after additional mechani-
al treatment up to 120 min  were not observed. Heat-treatment at
00 ◦C led to small increase in crystalline size up to 13 nm (Fig. 3).
ccording to literature data the thermal decomposition of zinc car-
onate hydroxide was carried out in the temperature range from
50 to 600 ◦C [22–25].  We  showed that this process can be realized
y high milling speed (1000 rpm) without additional thermal treat-
ent. On the other hand calcination at lower temperature (400 ◦C)

ed X-ray amorphous sample (obtained at 500 rpm milling speed)
o be transformed in pure ZnO.

The additional information for the phase and structural transfor-
ations was obtained by IR spectroscopy (Figs. 4 and 5). According

o K. Nakamoto, the free ion, CO3
2− exhibits four normal vibra-

ion modes: a symmetric stretching vibration (�1); an out-of-plane
ibration (�2); a doubly degenerate asymmetric stretching (�3) and
oubly degenerate bending modes (�4) [37]. The detail investi-
ations of the vibration spectra of hydrozincite (Zn5(OH)6(CO3)2)
ere carried out by Musić et al. [23], Stoilova et al. [38], and Frost

t al. [39]. All characteristic bands of CO3
2− groups we  observed

n IR spectra of the samples mechanochemcally treated at room
emperature (Fig. 4 b–d and Fig. 5 b–e). The presence of these
ands in the IR spectrum (Fig. 4 d) of X-ray amorphous sample

ndicates that an amorphization of zinc carbonate hydroxide took
lace [23,37–39].  On the other hand the presence of vibration bands
haracteristic of CO3

2− groups along with the dominant band at
70 cm−1 (characteristic for the vibration of ZnO [7,14,23,37–40])
n the IR spectrum of sample B show that transformation of
inc carbonate hydroxide to ZnO is not accomplished at these
echanochemical conditions. According to XRD data of same sam-

le pure ZnO was detected only (Fig. 2). IR spectra of both samples
400 C).
(b) SEM image of sample B (mechanical treatment of 1000 rpm and heated at 200 ◦C).

(A and B) after heat treatment indicated presence of ZnO only which
is in agreement with XRD data (Fig. 3). The performed analysis
manifest that IR spectroscopy is more sensitive and appropriate
technique for evolution of some details during phase transforma-
tion and decomposition of the materials. Following the IR analysis
about ZnO made by Andres-Verges and Martinez Gallego [40] the
some conclusions could be drawn for the morphology of ZnO crys-
tals. The presence of an intensive band at 470 cm−1 in the IR spectra
of samples A and B is typical for the spherical shape of the separate
crystals.

Fig. 6(a and b) shows the SEM images of ZnO powders obtained
after mechanical treatment (500 and 1000 rpm) and heated at 400
and 200 ◦C, respectively. Separate spherical grains below 50 nm are
joined together into bigger agglomerates. The process of agglomer-
ation of the particles is probably due to the sintering effect during
heat-treatment. The specific surface area of obtained ZnO powders
after heat-treatment at 200 and 400 ◦C is 48 and 40 m2/g, respec-
tively.

Optical transmission spectra of ZnO powders in the UV/vis range
are presented in Fig. 7а. The obtained powders are characterized by
absorption edge at about 400 nm estimated by the wavelength at
which the transmission is 50% of that at the excitonic peak [41,42].
Optical transmission spectra revealed that all mechanochemically
treated samples are transparent in the visible region (above 50%)
and transparency reached to 80% after heat-treatment (Fig. 7a). In
order to calculate the direct band gap of ZnO powder, we have used

the Tauc’s relationship [43] as follows: ˛h� = A(h� − Eg)n where  ̨ is
the absorption coefficient, A is a constant, h is Plank’s constant, �
is the photon frequency, Eg is the optical band gab and n is 1/2 for
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[
H.  Morkoc, A comprehensive review of ZnO materials and devices, J. Appl. Phys.
ig. 7. (a) Optical transmittance spectra and (b) energy band gap of ZnO powders.

irect semiconductor. An extrapolation of the linear region of a plot
f (˛h�)2 on the y-axis versus photon energy (h�) on the x-axis gives
he value of the optical band gap Eg (Fig. 7b). The calculated band
ap was found to decrease from 3.27 to 3.22 eV, with the increase
n average crystallite size of ZnO powders. Our results are in good
greement with the data published for ZnO nanoparticles obtained
y different synthesis method [14–16,18,29–31,41]

Fig. 8 shows the temporal evolution of the concentration (C/Co)
f MG,  where Co and C represent the initial equilibrium concen-
ration and reaction concentration of MG,  respectively. All ZnO

owders possess photocatalytic activity under UV-light irradia-
ion. It can be seen that the degradation rate of MG  increases with
ncreasing of the temperature and the crystallite size.

[
[

Fig. 8. Decomposition of the MG during UV-light irradiation by obtained ZnO pow-
ders.

4. Conclusions

Mechanical treatment of the zinc carbonate hydroxide is an
appropriate approach for the preparation of ZnO nanoparticles. We
found that the higher milling speed led to direct synthesis of ZnO,
while the lower milling speed induced the amorphization of the
zinc carbonate hydroxide which was  transformed into pure ZnO
after heat treatment (400 ◦C). Optical transmission and photocat-
alytic activity of ZnO powders increases with increase in average
particles size.
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