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Single nanocrystalline ZnWO4 powders were successfully synthesized by ball milling at room tempera-
ture. A stoichiometric mixture of ZnO and WOs in a 1:1 molar ratio was subjected to intense mechanical
treatment in air using a planetary ball mill (Fritsch - Premium line - Pulversette No. 7) for a period
varying from 5 to 300 min. The influence of the four different milling conditions was investigated on the
formation of ZnWO,4. The products obtained were characterized by X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), Brunauer-Emmer-Teller (BET) surface area, infrared (IR) spectroscopy
and X-ray photoelectron spectroscopy (XPS). The synthesis of ZnWO,4 powder started after 5 min milling
time and finished after 30 min milling time at a higher speed (1000 rpm). The mechanical treatment
up to 300 min did not lead to phase and structure change of ZnWO,4. The product obtained contained
nanoparticles with a size of about 50 nm. The photocatalytic activity of the ZnWO4 powders obtained
was investigated by degradation of a model aqueous solution of Malachite Green (MG) upon UV-light
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irradiation.
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1. Introduction

ZnWO,4 belongs to the AWO4 (A=Fe, Ni, Mn, Cd, Mg) group
with wolframite type structure [1-3]. ZnWO,4 finds application
as scintillator [4], magnetic and luminescent materials [5-14],
gas-sensing [15-17] and a photocatalyst [18-30]. The proper-
ties of ZnWO,4 are closely related to crystallinity, particle size
distribution and morphology and depend on the method of syn-
thesis. Several approaches to the preparation of ZnWO, are
reported in the literature: sol-gel [6,15-17], spray pyrolysis
[7], low temperature methods [4,14,18,19], flux growth method
[12,13], hydrothermal route [8,9,20-27], self-propagating combus-
tion method [28], microwave-assisted solvothermal process [29],
powerful ultrasonic irradiation method [30], solid state synthe-
sis [31], polymerized complex method [32], molten salt method
[33], solid state metathetic approach [34] and mechanochemical
synthesis [35,36]. Pullar et al. used mechanochemical milling as a
stage of standard ceramics mixed-oxide route [35]. For the syn-
thesis of ZnWO,4 Dodd et al. [36] applied a 6 h mechanochemical
treatment between H, WOy, ZnCl,, Na;CO3 and NaCl followed by
heat-treatment at 500°C for 1h and washing. Mechanochemical
activation is well known method for the synthesis of advanced
materials. This method is an effective, useful and simple to pro-
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duce of nanocrystalline powders. Different mechanical routes for
obtaining alloys, complex oxides, amorphous materials, catalysts,
etc. have been developed [37-42]. There are many review con-
nect with mechanochemical synthesis [43-45]. The many factors
as milling speed, time of activation, diameter of balls, balls to pow-
der weight ratio influence on the mechanochemical synthesis. Our
previous results showed that mechanochemical treatment of NiO
and MoO3 and NiO and WOs led to direct synthesis of NiMoO4 and
NiWO,4 at room temperature [46,47]. This motivated us to continue
to use pure oxides during mechanochemical treatment for the syn-
thesis of compounds from the same groups as AWO,. The purpose
of the present work is to obtain nanocrystalline ZnWO,4 powders by
mechanochemical activation of pure oxides (ZnO and WO3) apply-
ing different experimental conditions: milling speed, ball milling
time and diameters of balls.

2. Experimental

A stoichiometric mixture of ZnO (Merck, purity 99.9%) and WO; (Merck, purity
99.9%) in a 1:1 molar ratio was subjected to intense mechanical treatment at differ-
ent periods of time (5-300 min) in air using a planetary ball mill (Fritsch - Premium
line - Pulversette No. 7). Both vials and balls were of stainless steel. The balls to
powder weight ratio was 10:1 which was established as appropriate in our previ-
ous studies [46,47]. The synthesis of ZnWO4 was carried out at four different milling
conditions varying in milling speed and balls diameter:

(i
(ii
(iii
(iv

milling speed of 500 rpm with balls of 5 mm in diameter;
milling speed of 850 rpm with balls of 5 mm in diameter;
milling speed of 850 rpm with balls of 10 mm in diameter;
milling speed of 1000 rpm with balls of 5 mm in diameter.
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Table 1

The degree of phase transformations depending on milling speed at constant of diameter balls and milling time.

Starting Vial/ball materials ~ The balls to powder  Milling speed (rpm) Diameter of balls (mm)  Milling time (min)  Present phases and vol %
materials/molar weight ratio determined by
ratio “PowderCell” program
5 ZnO0 (22%), WO5 (78%);
5 . Stainless 10:1 500 5 30 ZnO (10%), WOs5 (90%);
ZORYs (211 - 120 ZnWO, (51.3%), ZnO
(18.5%), WO3 (30.2%);
300 ZnWO0, (100%);
5 ZnWO0y (12%), WO5 (69%),
. ZnO (19%);
Zn0:Wos (1:1) Sizziialtess 10:1 850 5 30 ZnWO4 (82%), WOs (14%),
steel Zn0 (4%);
60 ZnWO0, (100%);
120 ZnWO0, (100%);
300 ZnWOy, (100%);
5 ZnWO0j, (39%), W05 (47%),
) ZnO (14%);
Zn0:WO0; (1:1) Stainless 10:1 1000 5 30 ZnWO, (100%);
steel 60 ZnWO, (100%);
120 ZnWO0, (100%);
300 ZnWOy, (100%);

The phase and structural transformations were monitored by X-ray diffraction
(XRD) and infrared spectroscopy (IR). Powder XRD patterns were registered with
a Bruker D8 Advance diffractometer using Cu K, radiation in the range from 10
to 80°. The X-ray diffraction data were analyzed using the “PowderCell” program
to determine the volume percentage of the phases present in the samples and to
estimate the average crystallite size of ZnWO, [48]. The average crystallite size (D)
resulting from X-ray diffraction broadening was also determined using the Scher-
rer formula at a peak 20 =18.90°. The specific surface areas were measured by the
Brunauer-Emmer-Teller (BET) method. Morphologies and crystallite sizes of the
samples obtained were characterized by transmission electron microscopy—TEM
(JOEL-100B). Infrared spectra were registered in the range 1200-400cm~! on a
Nicolet-320 FTIR spectrometer using the KBr pellet technique. The XPS measure-
ments were carried out in the UHV chamber of an ESCALAB-MKII (VG Scientific)
electron spectrometer using MgK, excitation with a total instrumental resolution
of ~1eV. Energy calibration was performed, taking the C 1s line at 285 eV as a refer-
ence. The photocatalytic activities of the ZnWO,4 powders obtained were evaluated
by degradation of a model aqueous solution of Malachite Green (MG) upon UV-
light irradiation. 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 equilibrium 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.

Table 2

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction patterns of the samples obtained by the dif-
ferent mechanochemical conditions are present in Fig. 1A-D. The
diffraction lines of W03, ZnO and ZnWO,4 were indexed using JCPDS
database. Tables 1 and 2 contain the present phases and vol.% deter-
mined by “PowderCell” program of the samples obtained by the
different milling conditions. At the same time of mechanochemi-
cal activation (5, 30 and 60 min) and at the same diameters of the
used balls (5 mm) with increasing of the milling speed the amount
of the obtained ZnWOQ, increases (Table 1). At a 500 rpm milling
speed the interaction between the initial oxides starts after 120 min
milling time and completes after 300 min milling time (Table 1 and
Fig. 1A). At 1000 rpm milling speed the chemical reaction starts
after 5min and finishes after 30 min milling time (Table 1 and
Fig. 1D). For the same time of mechanochemical treatment (5, 30
and 60 min) and at the same milling speed (850 rpm) with increas-
ing the diameters of the balls the amount of the synthesized ZnWOQ,4

The degree of phase transformations depending on diameter of balls at constant of milling speed and milling time.

Starting materials/molar ratio  Vial/ball materials  The balls to powder  Milling speed Diameter of balls Milling Present phases and vol.%
weight ratio (rpm) (mm) time (min) determined by
“PowderCell” program
5 ZnWOy4 (12%), WO3 (69%),
ZnO (19%);
Stainless 10:1 850 5 30 ZnWOy4 (82%), WO3 (14%),
ZnO:WO03 (1:1
3 (1) steel ZnO (4%);
ZnWO4 (100%);
60 ZnWO4 (100%);
120 ZnWOy4 (100%);
300 ZnWO4 (100%);
5 ZnWOy4 (26%), WO3 (60%),
Zn0 (13%);
ZnO:WOs (1:1) Stainless 10:1 850 10 30 ZnWO0y4 (90%), WO3 (10%);
steel
60 ZnWOy4 (100%);
120 ZnWOy4 (100%);

300 ZnWOy4 (100%);
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Fig. 1. (A) XRD patterns of the sample obtained at milling speed of 500 rpm with balls of 5mm in diameter. (B) XRD patterns of the sample obtained at milling speed of
850 rpm with balls of 5 mm in diameter. (C) XRD patterns of the sample obtained at milling speed of 850 rpm with balls of 10 mm in diameter. (D) XRD patterns of the sample

obtained at milling speed of 1000 rpm with balls of 5 mm in diameter.

increases (Table 2). Prolongation of mechanochemical treatment up
to 300 min at milling speeds of 850 and 1000 rpm does not lead to
a change in the XRD patterns of the samples. This is an indication
of the structural stability of ZnWOy. The obtained results show that
the milling speed is decisive for the rapid synthesis. For compar-
ison with published data ZnWO,4 was synthesized by a standard
ceramics mixed-oxide route including milling at a lower milling
speed (300 rpm) in water and calcination between 900 and 1200°C
[35]. A. Dodd et al. [36] applied a three stage process for the syn-
thesis of ZnWO4 consisting of mechanical milling (HyWO4, ZnCl,
Nap;CO3 and NaCl), low temperature heat-treatment and wash-

ing.

The BET surface area of the ZnWO, powder obtained at a milling
speed of 1000 rpm (with balls of 5mm in diameter) after 30 min
milling time is 22 m2/g. The surface area value is similar to the
surface area of ZnWOQ,4 obtained by hydrothermal and low tem-
perature methods [17,22-25,30]. The surface area decreases to
12 m?/g after 300 min milling time. This fact may be due to some
aggregation of the particles during mechanochemical treatment
and that phase transformation of ZnWO4 do not observed. The
crystallite size estimated from the XRD peak at 2&=18.90° using
the Scherrer equation is 30 nm. The average crystallites sizes of
ZnWOQy calculated by the “PowderCell” program are in the range
of 18 nm.
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Fig. 2. TEM image of ZnWO, obtained at milling speed of 1000 rpm after 30 min
milling time.

3.2. TEM analysis

The morphology and particle size of ZnWO, powders prepared
after 30 and 300 min milling time at 1000 rpm milling speed are
shown in Figs. 2 and 3, respectively. The TEM images show an
irregular shape of the particles with size of about 50 nm. This size
of the particles is in good agreement with the value determined
by Scherrer equation (30 nm). At the selected milling conditions
the dimension of aggregates is about 100 nm. After 300 min milling
time the process of aggregation increases (dimension of aggregates
reach 500 nm) which is in an agreement with the smaller value of
the surface area.

3.3. Infrared analysis

IR spectroscopy was used to confirm the synthesis of the crys-
talline material. Fig. 4 presents the IR spectra of the sample obtained
at 1000 rpm milling speed as a function of milling time. The absorp-
tion bands of the non-activated mixture of WO5 (bands at 950, 820
and 760 cm~') and of ZnO (band at 420cm~!) [49-52] are shown
in Fig. 4a. The observed new absorption bands at 870, 530 and
470 cm~! evidences the beginning of the synthesis of ZnWO0, after
5 min milling time (Fig. 4b). The noticeable changes in the IR spec-
trum were observed after 30 min milling time which are indication
for the formation of ZnWO,: shifting of the band at 820-840cm™!;

*

pe

100 nm

x 60 000

Fig. 3. TEM image of ZnWO, obtained at milling speed of 1000 rpm after 300 min
milling time.
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Fig. 4. IR spectra of sample: (a) before ball milling; (b) after 5 min ball milling; (c)
after 30 min ball milling; (d) after 60 min ball milling; (e) after 300 min ball milling.

increasing intensity of the bands at 870 and 840cm~!; appear-
ance of the new bands below 700 cm~! (Fig. 4c). In the wolframite
type structure AWO,4 (A=Fe, Ni, Mn, Cd, Mg, Zn) the main struc-
tural units are W,0g (formed by edge shared WOg groups) with
two short bonds WO,. As a result of edge shared octahedra W50,
units arise [1-3]. The vibrational spectrum of CdAWO4 has been
analyzed using Factor group analysis and the correlation method
[53]. Fomichev and Kondratov performed theoretical group anal-
ysis of several compounds with wolframite structure [54]. Taking
into account structural data and vibrational spectra of these com-
pounds, we attributed the vibrational bands of the ZnWO,. The
bands at 870 and 840 cm~! are due to vibration of the WO, entity
present in the W,0g groups. The bands at 685 and 650cm~! are
typical of a two-oxygen bridge (W,0,) and are due to the asym-
metric stretching of the same units [47,53,54]. The vibrations of
the ZnOg polyhedra are in the absorption range below 600 cm™!
[47,53,54]. The band position and the band intensity do not change
after prolonged milling times which confirm structural stability of
ZnWOy, (Fig. 4d and e).

3.4. XPS analysis

XPS was performed to determine the oxidation state of Znand W
ions in the synthesized ZnWOj,. The XP spectra of Zn 2p3,, W 4f7,
and O 1s levers are presented in Fig. 5a-c respectively. The binding
energy of the main Zn 2ps); line is at 1022 eV and is typical of the
Zn%* oxidation state in mixed oxides which is in good agreement
with published data [16,29,30,34,55]. The W4fline is slightly broad-
ened and presented by two components with binding energies of
W 4f;, at 36.3 and at 34.8 eV, respectively (Fig. 5b). The higher
binding energy value (36.3 eV) can be attributed to the W®* oxida-
tion state [16,29,30,34,56], while the lower value (34.8 eV) may be
assigned to the W>* oxidation state [16,29,30,34,56]. The amount of
W>* jons is about 7%. Similar results were obtained in our previous
paper for NiWOQy, also synthesized by mechanochemical treatment
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Fig. 5. X-ray photoelectron spectra of the ZnWOQ, obtained at milling speed of
1000 rpm after 30 min milling time: (a) of the Zn 2p level; (b) of the WA4f level;
(c) of the O 1s level.

[47]. This fact is probably due to the formation of a defect structure
of ZnWO4 during ball milling or partially to insignificant reduction
during the XPS analysis. The O 1s line is symmetric and shows a
sharp peak centered around 530.9 eV (Fig. 5¢) [16,29,30,34].

3.5. Photocatalytic activity

The photodegradation of MG was tested as a model reaction
to evaluate the photocatalytic activity of the ZnWO,4 powders
obtained by different mechanochemical conditions. The sample
obtained at a milling speed of 1000 rpm (sample D) exhibit higher
photocatalytic activity in the degradation of MG as compared to
other samples (Fig. 6). For example at 150 min irradiation time the
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Fig. 6. Decomposition of the MG during UV-light irradiation by ZnWO,4 powders:
sample A obtained at milling speed of 500 rpm with balls of 5mm in diameter;
sample B obtained at milling speed of 850 rpm with balls of 5mm in diameter;
sample C obtained at milling speed of 850 rpm with balls of 10 mm in diameter;
sample D obtained at milling speed of 1000 rpm with balls of 5 mm in diameter.

degree of degradation of MG is 0.6 for the sample D (obtained at a
milling speed of 1000 rpm), while the degrees of degradation of MG
is0.15 for the sample A (obtained at a milling speed of 500 rpm). The
observed aggregation of the nanoparticles during mechanochem-
ical treatment is probably the reason for the lower photocatalytic
activity as compared to data of Lin et al. [25] for nanorod ZnWO,
powders.ZnWO,4 powder was filtered and characterized by IR spec-
troscopy after the photocatalytic reaction. There is no change in the
bands position (Fig. 7). This evidences that ZnWOy is stable during
the photocatalytic test.
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Fig. 7. IR spectra of ZnWO, powder: (a) before photocatalytic test and (b) after
photocatalytic test.
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4. Conclusions

The influence of the mechanochemical conditions: milling
speed, milling time and diameters of the used balls on the forma-
tion of ZnWO4 has been established. It is found that milling speed is
decisive factor for the rapid synthesis. The best results are obtained
at milling speed of 1000 rpm with balls of 5mm in diameter and
30 min milling time. The obtained nanocrystalline ZnWO,4 powders
exhibit a photocatalytic activity in the degradation of MG under UV-
light irradiation. The experimental milling conditions influence on
the photocatalytic activity. The mechanochemical treatment may
be used as an alternative route for the preparation of AWO4 group
oxides.
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