
1. Introduction
The investigations of the ZrMo2O8 have been connected 
with synthesis, structures and phase transitions at 
different temperatures and pressures [1-11]. Some 
physical properties such as zero or negative thermal 
expansion (NTE) coefficient are also investigated [7-10]. 
On the other hand the ZrMo2O8 exhibits luminescence 
properties [12], catalytic properties: selective oxidation 
of dimethyl ether to formaldehyde [13] and oxidative 
dehydrogenation of propene [14]. Sahoo et al. [15,16] 
shown that the ZrMo2O8 possesses a photocatalytic 
activity at degradation of various dyes under UV-
light irradiation. Photocatalytic degradation of organic 
contaminants in water by different inorganic materials 
(TiO2, ZnO, ZnWO4, Bi2MoO6 and etc.) is one of the most 
attractive areas in recent years [17-20]. 

ZrMo2O8 has several polymorphs: monoclinic (β), 
trigonal (α), cubic, orthorhombic LT and high pressure 
phases (monoclinic (δ) and triclinic (ε)) [1-11]. The different 
polymorph modifications can be obtained by selecting 

appropriate synthesis method. The thermodynamically 
stable polymorphs are the monoclinic (β) and trigonal 
(α) ZrMo2O8 [1-3]. These phases were prepared by 
a conventional solid-state reaction or dehydration of 
ZrMo2O7(OH)2•2H2O above 390oC [1-5,15,16]. The 
phase transformation from monoclinic (β) to trigonal (α) 
ZrMo2O8 was observed at 690oC [2]. Under influence 
of pressure, the trigonal (α) ZrMo2O8 was converted to 
monoclinic (δ) ZrMo2O8 (~1.06-1.11 GPa) which was 
further transformed to triclinic (ε) ZrMo2O8 (~2.5GPa) 
[3-6]. The orthorhombic LT-ZrMo2O8 was obtained by 
dehydration of ZrMo2O7(OH)2•2H2O at 300oC for 8 h 
and above this temperature it was transformed into 
cubic ZrMo2O8 [11]. The thermodynamically metastable 
cubic ZrMo2O8 was obtained by controlled dehydration 
of ZrMo2O7(OH)2•2H2O and by a non-hydrolytic sol-
gel method [7-10]. The cubic ZrMo2O8 was converted 
to trigonal (α) ZrMo2O8 at 390oC [7]. From the above 
analysis it is clear that the cubic and orthorhombic 
LT-ZrMo2O8 were prepared only by a coprecipitation 
method or non-hydrolytic sol-gel method [7-11]. 
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ZrMo2O7(OH)2 •2H2O was obtained from ZrOCl2•2H2O and Na2MoO4•2H2O by a coprecipitation method. The phase and structural 
changes occurred during the heat-treatment of ZrMo2O7(OH)2•2H2O were investigated by XRD, IR and XPS analysis. The sequence 
of phase transformation can be divided into three stages: (1) transformation of ZrMo2O7(OH)2•2H2O to orthorhombic LT-ZrMo2O8 up 
to 300oC; (2) obtaining of mixture of both polymorphs of ZrMo2O8: cubic and trigonal at 400oC; (3) conversion to single trigonal (α) 
ZrMo2O8 above 450oC. The microstructure of the obtained trigonal (α) ZrMo2O8 was observed by scanning electron microscopy (SEM). 
The particle sizes were below 0.5 μm. The specific surface area was measured by modified BET method. The photocatalytic activity 
of the obtained trigonal (α) ZrMo2O8 powders was investigated by degradation of a model aqueous solution of Malachite Green (MG) 
upon UV-light irradiation. 
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In the literature, there is no enough data about phase 
transformation depending on time and temperature. In 
our previous paper, we synthesised the monoclinic (β) 
and the trigonal (α) ZrMo2O8 phases by three different 
methods: solid state reaction, melt quenching method, 
and mechanochemically assisted solid state synthesis 
[21]. It was established that the flow-card of heat-
treatment essentially influence on the mechanism of the 
phase transformation and the type of the final products. 
The present study is a continuation in this direction. 
We choose the coprecipitation method in order to 
investigate the phase and structural transformation of 
ZrMo2O7(OH)2•2(H2O) as a function of heat-treatment. 
Additionally, the photocatalytic properties of the obtained 
product are evaluated by examining the degradation of 
Malachite Green (MG) upon UV-light irradiation. 

2. Experimental Procedure

The precursor ZrMo2O7(OH)2•2H2O was prepared 
according to Clearfield and Blessing whose used the 
coprecipitation method [22]. Aqueous solutions of the 
reactants, 25 mL 0.5 M ZrOCl2•2H2O (Aldrich, 99.99%) 
and 25 mL 1 M Na2MoO4•2H2O (Sigma, 99.99%), were 
mixed by simultaneous dropwise addition to 10 mL water 
under continuous stirring. The obtained gel was aged for 
two days in the mother liquor. The gel and mother liquor 
were refluxed for 3 days. The solid obtained was washed 
with 1 M HCl to remove the sodium ion and then with 
H2O to remove the chloride ion. In our experiments we 
examined the transformation of ZrMo2O7(OH)2•2H2O by 
stepwise heating at 100, 200, 300, 400, 450 and 600oC in 
air for 3 h. The phases obtained and their transformations 
were monitored by x-ray diffraction (XRD), infrared (IR) 
spectroscopy and x-ray photoelectron spectroscopy 
(XPS). Powder XRD patterns of the samples were 
registered at room temperature with a Bruker D8 Advance 
diffractometer using Cu-Kα radiation. Infrared spectra of 
the samples were registered in the range 1200-400 cm-1 

using the KBr pellet technique on a Nicolet-320 FTIR 
spectrometer with 64 scans and a resolution of ±1 cm-1. 
The specific surface area of the samples was measured 
using a modified BET method. The XPS measurements 
were carried out in the UHV chamber of an ESCALAB-
MkII (VG Scientific) electron spectrometer using 
MgKα excitation with a total instrumental resolution 
of ~ 1 eV. Energy calibration was performed, taking the 
C1s line at 285 eV as a reference. The microstructure 
of the obtained sample was characterized by scanning 
electron microscopy (JOEL-SUPERROBE 733). The 
photocatalytic activity of the obtained ZrMo2O8 powder 
was evaluated by degradation of a model aqueous 

solution of Malachite Green (MG-Sigma-Aldrich) upon 
UV-light irradiation. The UV irradiation was carrying out 
by UV-lamp (Sulvania BLB, 18 W, λ ~ 315–400 nm). The 
aqueous solution of MG (150 mL, 5 ppm) containing 
0.1 g of as-prepared powder was placed in a vessel. 
Before photodegradation, an adsorption-desorption 
equilibrium state was established by ultrasonic and 
mechanical stirring for 10 min. Volumes of 3 mL of 
solution were taken at given time interval and separated 
through centrifugation (5000 rpm, 5 min). Then the 
concentration of MG in the solution was analysed with a 
Jenway 6400 spectrophotometer. 

3. Results and Discussion
Fig. 1 presents XRD patterns of the ZrMo2O7(OH)2•2(H2O) 
depending on the heating temperature. At 200oC a set 
of new broad peaks was observed, which correspond 
to orthorhombic LT-ZrMo2O8 phase (JCPDS-72-8226). 
This phase remains up to 300oC (Fig. 1c). The results 
are in good agreement with published data about the 
synthesis of orthorhombic LT-ZrMo2O8 phase applying 
coprecipitation method [8,11]. For comparison, by 
mechanochemical solid state synthesis up to 300oC 
only an amorphous phase and traces of the initial 
compounds were detected [21]. On Fig. 1d it is shown 
that at 400oC orthorhombic LT-ZrMo2O8 transforms 
into trigonal (α) ZrMo2O8 (JCPDS-79-0576) and cubic 
ZrMo2O8 phases (d=5.28Å, d=4.09Å, d=3.73Å) [7]. At 
this temperature the predominant phase was metastable 
cubic ZrMo2O8. Further increase of the temperature up 
to 450oC led to complete transformation of cubic into 
trigonal (α) ZrMo2O8 phase. Above this temperature the 
phase transformation was not observed and trigonal 
(α) ZrMo2O8 phase only exists. We made an additional 
heat-treatment at 600oC in order to check the process 
of densification of the material which was illustrated by 
SEM analysis (Fig. 3b). Phase transformation was not 
observed after this heat-treatment (Fig. 1f). 

The phase and structural transformations of the 
ZrMo2O7(OH)2•2(H2O) during the heat-treatment were 
studied by IR spectroscopy. The structural data of the 
all polymorphs and the available vibrational spectra of 
monoclinic (β) and trigonal (α) ZrMo2O8 were used for 
identification of the samples prepared by us [1-3,7,11,21-
27]. The structure of ZrMo2O7(OH)2•2(H2O) is built 
up of ZrO6(OH)-pentagonal bipyramids and distorted 
MoO4(OH)(H2O)-octhahedra [22]. According to Allen 
et al. [11] the structural units building the orthorhombic 
LT- ZrMo2O8 are similar to the structural units building 
the trigonal (α) ZrMo2O8 (ZrO6 octahedra and MoO4 
tetrahedra). The cubic ZrMo2O8 is isostructural with the 
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cubic ZrW2O8 consists of corner-sharing ZrO6 octahedra 
and two crystallographically distinct MoO4 tetrahedra 
[7]. In the IR spectrum of the initial sample there are 
bands at 935, 870, 840, 730, 620 and 480 cm-1 which 
are typical for the ZrMo2O7(OH)2•2(H2O) (Fig. 2a) [22]. 

The appearance of new broad bands centred at 940 
and 770 cm-1 is connected with a change of the main 
structural units from MoO4(OH)(H2O)-octhahedra to 
MoO4 tetrahedra (Fig. 2b and 2c). Taking into account the 
above structural data we attributed the band at 770 cm-1 
to a triply degenerated ν3 asymmetric stretching mode 
of distorted MoO4 units building the orthorhombic LT-
ZrMo2O8 which was formed at 200oC. The high frequency 
band at 940 cm-1 is due to activation of the v1 symmetric 
vibration of the same groups [11]. In the IR spectrum 
of sample heated at 400oC the number of absorption 
bands increased which can be attributed to phase 
transformation of orthorhombic LT-ZrMo2O8 to cubic 
ZrMo2O8,which was established by XRD analysis. The 
assignment of the characteristic bands of cubic ZrMo2O8 

was made according to the vibrational spectra of cubic 
ZrW2O8 [25-27]. The bands at 975, 910 and 875 cm-1 
can be assigned to symmetric ν1 stretching vibration of 
MoO4 groups with low symmetry building cubic ZrMo2O8 
and those at 780, 740 and 690 cm-1 can be attributed 
to asymmetric ν3 stretching modes of the same groups 
[25-27] (Fig. 2d). The phase transformation from cubic 

Figure 1. XRD patterns of the ZrMo2O7(OH)2•2H2O after 
heat-treatment at: a) 100oC; b) 200oC; c) 300oC; d) 400oC; 
e) 450oC; f) 600oC.

Figure 2. IR spectra of the ZrMo2O7(OH)2•2H2O after heat-treatment 
at: a) 100oC; b) 200oC; c) 300oC; d) 400oC; e) 450oC; 
f) 600oC.

Figure 3. SEM image of the trigonal (α) ZrMo2O8 obtained after 
(a) heat-treated at 450ºC, (b) additionally calcinated at 
600ºC.
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to trigonal (α) ZrMo2O8 at 450oC was evidenced by the 
appearance of two bands at 940 and 780 cm-1 (Fig. 2e) 
[1,21,23]. The increase of temperature up to 600oC led 
to a shift of the band at 780 cm-1 to more symmetrical 
band centred at 800 cm-1. This fact can be explained as 
a result of the formation of more regular MoO4 tetrahedra 
with shorter Mo-O distances in the structure of trigonal 
(α) ZrMo2O8 heated at 600oC (Fig. 2f). 

The microstructure of the ZrMo2O8 powders 
was investigated by SEM observations.  It can be 
seen that ZrMo2O8 powders (Figs.  3a, 3b) consist of 
spherical submicron particles. Cavities and tendency to 
agglomeration were observed in the sample obtained 
at 450oC (Fig. 3a). Densification and initial stage of 
sintering of particles were occurred in the sample 
additionally calcinated at 600oC (Fig. 3b). 

The specific surface area of the sample obtained at 
450oC is 99 m2 g-1 and decreases to 5.5 m2 g-1  after 
heat-treatment at 600oC. The lower specific surface 
area is in good agreement to the observed densification 
at high temperature. 

The XPS analysis gives information on the oxidation 
state of the Mo and Zr ions and the presence of H2O in 
the precursor and the obtained product. Table 1 shows 
the value of the binding energy of the Zr3d5/2, Mo3d5/2 

Figure 4. Binding energy of Zr3d peaks of: a) ZrMo2O7(OH)2•2H2O; 
b) trigonal (α) ZrMo2O8 obtained after heat-treated at 
450oC.

Figure 5. Binding energy of Mo3d peaks of: a) ZrMo2O7(OH)2•2H2O; 
b) trigonal (α) ZrMo2O8 obtained after heat-treated at 
450oC.

Figure 6. Binding energy of O1s peaks of: a) ZrMo2O7(OH)2•2H2O; 
b) trigonal (α) ZrMo2O8 obtained after heat-treated at 
450oC.
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and O1s levels of both samples. Figs. 4, 5 and 6 present 
the XPS spectra of Zr3, Mo3d and O1s lines. The binding 
energy of the Zr5d5/2 line is 183.10 eV and 183.35 eV 
in the ZrMo2O7(OH)2•2(H2O) and trigonal (α) ZrMo2O8, 
respectively (Fig. 4). These values are typical of the Zr 
in 4+ oxidation state in mixed oxides which is in good 
agreement with published data [28-30]. The Mo3d levels 
were presented by two components with binding energies 
around 233.15 ÷ 233.30 eV (High Binding Energy) and 
at 231.80 ÷ 232.00 eV (Low Binding Energy) (Fig. 5). 
The value of a higher binding energy around 233.30 eV 
can be assigned to the Mo in 6+ oxidation state while 
the value of lower binding energy at 231.80 eV may be 
attributed to the Mo in 5+ oxidation state [31-33]. The 
amount of Mo in 5+ oxidative state in the precursor is 
18 % and decreases to 13% in the trigonal (α) ZrMo2O8. 
The O1s levels were fitted into two peaks (Fig. 6). The 
main peak is centered at 530.9÷531.1 eV, which can be 
attributed to a binding energy of the O-atom between 
two neighborly polydehra in both structures [1-3,22]. 
The high energy shoulder at 532.6 eV can be ascribed 
to present of H2O in the ZrMo2O7(OH)2•2(H2O) [34,35]. 
The amount of the H2O decreases to 5% in the trigonal 
(α) ZrMo2O8. 

Fig. 7 shows the temporal evolution of the 
concentration (C/C0) of MG, in which C0 and C represent 
the initial equilibrium concentration and reaction 
concentration of MG, respectively. It can be seen that 
the sample prepared at 450oC shows a higher degree of 
photodegradation of MG (after 90 min irradiation time) as 
compared to the sample additionally calcinated at 600oC. 
Photoactivity of ZrMo2O8 obtained by us is compatible 
with that of ZrMo2O8 synthesized by Sahoo et al. using 
combustion method [15]. The better photocatalytic 
activity of ZrMo2O8 heated at 450oC is due to higher 
specific surface area as densification process is too low 
and there is no sintering of the particles (Fig. 3b). On the 
other hand according IR spectra the local microstructure 
(short-range order) is determined by the presence of 
deformed MoO4 units. According to Sahoo et al. [15] this 
structural peculiarity is also a reason for higher degree 
of photocatalytical degradation. The photocatalytic test 
of both samples in the “dark” conditions without UV 
irradiation shown that ZrMo2O8 is not active. 

4. Conclusions
The influence of heat-treatment on the phase and 
structural transformation of ZrMo2O7(OH)2•2(H2O) 
has been investigated. It was established that the 
ZrMo2O7(OH)2•2H2O was converted to orthorhombic 
LT-ZrMo2O8 at 200oC. The mixture of cubic and trigonal 
(α) ZrMo2O8 was obtained at 400oC. The higher 
photocatalytic activity of trigonal (α) ZrMo2O8 obtained 
at 450oC is related to its porous structure, higher specific 
surface area and the presence of distorted MoO4 
structural units.
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Table 1. The value of the binding energies of Zr3d, Mo3d and O1s in the samples (in eV) (the value in parentheses indicate the relative amount 
                        of different components)

Samples Zr3d5/2 Mo3d5/2 O1s

LBE* HBE** LBE* HBE**

ZrMo2O7(OH)2•2(H2O) 183.10 231.80

(18%)

233.15

(82%)

530.9

(90%)

532.6

(10%)

trigonal (α) ZrMo2O8 183.35 232.00

(13%)

233.30

(87%)

531.1

(95%)

532.9

(5%)

* - Lower Binding Energy component (LBE)
** - Higher Binding Energy component (HBE)

Figure 7. Photodecomposition of the MG during UV-light irradiation 
by ZrMo2O8 samples.
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