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Abstract

The triclinic phase of zinc molybdate ZnMoO, was synthesized by a simple co-precipitation method followed by
calcination at different temperatures. Thermal differential and thermogravimetry analyses were performed under air.
The polycrystalline samples of ZnMoO, compound obtained with different thermal treatments were characterized by
X-ray diffraction, cell parameters were determined using Lebail fit analyses and the crystallites size was calculated
using Scherrer equation. Fourier transform infrared and Raman spectroscopy analyses were investigated and
discussed, all the bands were assigned the corresponding vibrations. Correlation with structural and thermal analyses
was made.
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1. Introduction

Tungstates and molybdates of MWO, or MMoOQ, type have multiple properties with interesting applications in the
fields of catalysis, photocatalysis and luminescence. The formation mechanisms and the stability of their solid
solutions were recently analyzed [1-2]. For instance, Tomszewicz et al report the synthesis and the study of the
new rare-earth metal molybdates and tungstates [3-4] while G.H. Lee reports the rare earth (Eu) doped metal
tungstates as a red phosphor for white LEDs [5]. In a recent study, we developed a new bismuth lutetium
tungstate compound belonging to the same family of the High-temperature Bismuth tungstate [6].

In the last decades, zinc molybdate ZnMoO, was extensively studied for its high potential in industrial
applications. This molybdate was investigated for its luminescence properties [7-10], for applications in
bolometers, scintillation detectors [11-15], humidity sensors [16], photocatalysis [17-19], microwave dielectric
devices [20] and battery electrodes [21]. Traditionally, two phases a- and PB-Zinc molybdate have been
synthesized by different techniques, such as hydrothermal method [22-24], solid state reaction [25-30], citrate
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complex precursors [31], co-precipitation method [32-35], electrospinning calcination method [36] and
electrochemistry assisted ablation laser method [37]. Gaoke and co-workers have reported a phase transition from
a- ZnMoOQ;, (triclinic, space group P -1) to B- ZnMoO, (Monoclinic, space group P2/c) at about 462°C by the
mean of DSC analyses and curves [38].

Recently [39], we have observed the phase transition in the ZnMoO, ceramics through the study of
electrical properties. The bulk conductivity is characterized by a complex modification occurring above the
transition point (presently Tc = 723 K or ®, = 450°C). Using a model based on two behaviors of charge carriers,
coupled with the phase transition mechanism, we have simulated the conductivity as temperature increases. In this
present study, we report the effect of calcination temperature on the structural properties of ZMO powders, DTA-
TGA analyses of the ZnMoO, precursor were fully discussed. A first study to discuss the effect of temperature on
Raman vibrational properties of ZnMoO, and the influence of defects and elaboration conditions on its properties.

2. Experimental

2.1 Synthesis of ZMO samples

Zinc molybdate was synthesized via a co-precipitation method using sodium molybdate (Na,Mo00,.2H,0) and
zinc nitrate (Zn(NOs);.6H,0) [35]. A mixed aqueous solution was prepared by dissolving required weights of
appropriate amounts of Zn(NO3);.6H,0O and Sodium molybdate Na,Mo00,.2H,0 in 50ml of distilled water in
separated beakers with magnetic stirring. Then sodium molybdate solution was gradually added to the zinc
nitrate solution. The resulting white precipitate was filtered and washed several times with distilled water and
ethanol, and finally thermally treated at various temperatures of 300°C, 400°C, 500°C and 600°C, during 3 hours
(samples noted ZnMo0QO4-® with ® = 300, 400, 500, 600).

2.3 Characterization of ZMO ceramics

The X-Ray diffraction patterns were collected using an EMPYREAN PANALYTICAL diffractometer operating
at 45 kV/35 mA, using CuKa radiation with Ni filter, and working in continuous mode with a step size of 0,013°.
Data were collected over a range 5-80° 20. Differential thermal analyses coupled with thermogravimetry were
performed to determine the dehydration kinetics of prepared samples. The thermal decomposition of the precursor
was followed under air from ambient temperature to 1050°C with a rate of 10 °C/min (using Shimadzu
Instruments DTG-60 equipment). Fourier Transform Infrared spectrum of ZnMoO, samples was obtained in the
mid infrared region (400-4000cm-1) using a Shimadzu 4800S. The spectra were scanned at resolution of 2.0 cm-1
and with 20 scanning. Raman spectra were recorded on a VERTEX 70 Raman spectrometer using a power of 30
mW and the wavelength of Ar green laser A=514.5 nm. The frequency bands v ranged from 50 to 1100 cm™.

3. Results and discussion

3.1. X-Ray diffraction analyses

Figure 1 below, presents the X-ray diffraction patterns of the samples thermally treated at various temperatures
®=300, 400, 500 and 600°C. All detectable peaks were indexed in conformity with the triclinic space group P-1
(data from JCPDS 70-5387). The calculated lattice parameters were obtained using Lebail fit and are reported in
Table 1. The cell volume is quasi constant. For ZnMoO,-600 sample at 600°C: a = 8.367 A, b =9.691 A and ¢ =
6.964 A, 0:=96.70°, p=106.90° and y=101.70. The four samples present a significant decrease of the full width at
half medium of Bragg peaks, as the elaboration temperature ® increases, reflecting a progressive improving
crystallization. Table 1 gives the values of correlation lengths or crystallite sizes calculated from Scherrer
approach. The Williamson-Hall test allowing separating the size effect from the cell distortion gave no significant
additional information
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Figure 1: X-Ray diffraction patterns of a-ZnMoO, obtained in room conditions, after thermal treatments at 300°C, 400°C,
500°C and 600°C, during 3 hours.

The Scherrer equation relates the full width at half maximum of Bragg peaks to the average crystallite dimensions
or correlation lengths D, characteristic of the grain populations: Dy = K.A / (A260.c0s(8)). In this expression, A =
1.54056 A is the wavelength of the radiations (CuK, radiation), k = 0.9 for Gaussian profiles, A20s. is the
broadening of a Bragg peak due to size effect, depending of Miller indices (hkl) and calculated using the formula:
B> = (A20size ) = (A20exp)” — (A20sangara)’- The A28, is the observed full width at half maximum of a Bragg
peak, the A20qangara iS the full width determined from the ZMO-600 sample considered as a standard. Table 1
below reports the lattice parameters and the D values. Recently, we have performed The Rietveld refinements on
the ZnMoO, ceramics [39].

Table 1: Lattice parameters and crystallite sizes (nm) of the ZnMo0O,-© samples

Triclinic space group P-1, 6 units / cell
ZMO-0 300 400 500 600
a(A) 6.963(2) 6.961(4) 6.955(4) 6.964(1)
b (A) 8.362(3) 8.362(2) 8.368(3) 8.369(1)
c(A) 9.709(2) 9.708(5) 9.707(3) 9.694(2)
o (°) 96.762(2) 96.762(2) 96.759(2) 96.756(2)
B (°) 106.903(2) 106.901(2) 106.897(2) 106.881(2)
v (°) 101.657(2) 101.657(2) 101.635(2) 101.752(2)
Volume (A% 520.13(3) 520.07(4) 520.04(3) 519.79(5)
D()
Crystallite size (hm) 28+5 56 + 8 66+ 9 Standard sample

(*) D is the crystallite size calculated by Scherrer approach
3.2. Thermal analyses
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Figure 2 shows the Thermal differential and thermogravimetric curves obtained from the white precipitate. From
the recorded thermograph of the precursor, it has been observed that the total weight loss is about 9%, we have
also observed several endothermic peaks:

e  ®<150°C : weight loss due to surface water ;

e 150°C < ®< 250°C: weight loss due to lattice water and/or residues;

o 250°C < ©®< 350°C: weight loss mainly due to hydroxide decompositions and partly due to residues

such as evaporation of various gases such as NO,, CO, and NHs.
e ®=520°C: o= phase transition [39].

In the heating process, we observe a shifted transition temperature due to fast heating rate (®c = 530 + 20 °C): the
Thermal differential endothermic signal appears as being spread over a wide temperature range. In the slow
cooling process , we observe exothermic peaks due to the crystallization of the B phase (768°C) and to the
transition B=>»a located at ®, = 466 + 5 °C in this case. This last temperature is in good agreement with the
expected transition temperature, mainly because of the very slow cooling undergone by the sample.
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Figure 2: thermographs of the precursor (white gel)

3.3. Infrared and Raman spectroscopy

To analyze the influence of thermal treatment, the four samples ZMO-600 were characterized by FTIR and
Raman spectroscopy. Figure 3 shows the infrared absorption bands. The vibration modes associated with the
frequencies ranging between 750 and 980 cm™ can be attributed to distorted (MoO,)*" tetrahedrons [40-42]. The
attribution of modes has been reported in Table 2. The bands at 1633 and 3435 cm ' correspond to H-O-H
bending and O—H stretching vibrations respectively [43,44].

In Figure 4, we have reported the Raman spectra of the sample ZnMoO, samples as a function of
temperature. The main Raman peaks of the crystallized sample well crystallized ZnMo0O,-600 are located at 340,
370, 400, 790, 812, 850, 889, 918, 940 and 965 cm™, in agreement with previous works [42,45,46]. The profile
analysis of the Raman spectra at high frequencies (790 to 965 cm™, Figure 5) was performed with Magic Plot Pro
software and using Lorentzian profiles.
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Figure 3: Fourier transformed infrared spectra of the ZnMo0,-600 compound

The change in the Raman intensity can be explained by the fact that the population of any vibrational state is
temperature dependent: The population of the ground state is reduced with increasing temperature. Thus stokes
bands show reduced intensity. With the excited state it is other way round and thus anti-stokes bands increase
with increasing temperature. With regard to the appearing bands, it is well known that temperature affects the
crystallinity, therefore the materials (300°C, 400°C, 500°C and 600°C) present different Raman signature, this
results are consistent with the XRD analyses which show a lower crystallinity degree for the sample at 300°C.
The significant broadening of the vibration bands observed in the case of the ZnMoO4 samples can be directly
linked to the presence of structural disorder [47]. Furthermore, the difference in the Raman bands between the
ZnMo00,-300°C and the other sample could be due to the presence of precursor impurities that are not
decomposed, this has been confirmed by thermal analyses.
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Figure 4: Raman spectra of the ZnMoO, samples at different temperatures.

As reported by Phuruangrat and co-workers [48] the Raman vibration modes are divided into two features:
- Internal modes: generated from the oscillation inside the molecular ionic groups with immobile mass

center.
- External modes: it is the lattice phonon vibrations due to the motion of cation M** metal ions relative the

rigid molecular ionic units.
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Considering the Td symmetry, four internal modes of MoO, free tetrahedrons can be expected and were
designated by authors [49,50] as : vi (A1), va(E), vs(F2), va(F2). In the case of scheelite structures (tetragonal
symmetry, oxygen in tetrahedral configuration), the group theory shows that the crystals have 26 distinct
vibration modes (Raman and infrared), with the following representation: I'gaman + infraredy = 3Ag +5A, +5B4 +3B,
+5E, +5E, . Thirteen of these vibration modes noted as 3A, +5B, +5E, belong to the Raman active modes. It
should be recalled that in the case of centrosymmetric molecules the IR and Raman bands have different
frequencies. In the case of non-centrosymmetric molecules the exclusion rule vanishes. In the present study the
frequencies associated with MoO, tetrahedral vibration modes are practically the same in fourier transform
infrared and Raman experiments, for sample ZnMo0O,-600. This means that MoO,4 molecules should be non-
centrosymmetric. Taking into account the very low symmetry of the triclinic structure, we can expect a complex
splitting of these fundamental vibrations. Table 2 summarizes all the vibration modes of the as-prepared
ZnMo0,-600 sample.
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Figure 5: Decomposition of the A; stretching mode at high shifts.

Table 2: Vibration modes from Raman spectroscopy data of the ZnMoO,-600 sample

Mode Raman frequencies | FTIR frequencies Attribution
incm™ incm™

vi (A 965 970 MoO,: symmetric stretching
v (A) 940 939 MoQ,: symmetric stretching
vi (A 918 920 MoO,: symmetric stretching
v (A1) 889 _ MoQ,: symmetric stretching
v3(Fp) 870 875 MoO;, : antisymmetric stretching
v3(F2) 850 _ MoQ, : antisymmetric stretching
v3(F,) 812 810 MoQ, : antisymmetric stretching
v3(Fy) 790 760 MoO;, : antisymmetric stretching
v3(F,) 370 . MoQO, : O-Mo-O bending
v3(F,) 340 _ MoQ, : O-Mo-O bending

Bg 188

Eg 125-151 _ external Modes MoO,*", and

Zn?* motions
Eg 78
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Conclusions

In this work, we prepared ZnMoO,with a facile coprecipitation method. Structrual studies confirm the triclinic
zinc molybdate according to the standard file referenced in the JCPDS database. The Thermal analyses show the
decomposition behavior under air, a phase transition was observed at 466°C (Triclinic to monoclinic phase). All
the Vibrational modes were detected and assigned, infrared and Raman bands have the same frequencies showing
that the compound is non-centrosymmetric.
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