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Abstract: 
Nanocrystals of zinc-cobalt molybdate (Zn1-xCoxMoO4) were prepared by the glycine-nitrate process 

(GNP) route with a glycine/nitrate ratio of 2:3 and compared to the solid state synthesis. The obtained 

powders were characterized by thermal analysis (TGA-TDA), X-ray powder diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy. The morphology was 

examined by scanning electron microscopy (SEM) and Brunauer–Emmett–Teller (BET). The particle 

size was determined by transmission electron microscopies (TEM). UV-Visible spectroscopy and CIE 

L*a*b* colorimetric parameters have been used for the colour characterisation and measurement. The 

compounds obtained present two single-phased domains regardless of the synthesis method. The first 

domain of blue colour corresponding to a level of cobalt x such as: 0 ≤ x ≤ 0.3, isostructural with α-

ZnMoO4 of triclinic symmetry and the second domain of green colour, for cobalt x levels such as: 0.45 

≤ x ≤ 1 isostructural with α-CoMoO4 of monoclinic structure. The Zn0.7Co0.3MoO4 powders obtained at 

700°C by GNP route and synthesized in acidic environment were formed of particles of quasi-

spherical morphology, with average size of crystallites estimated between 80 - 140 nm.  
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1. Introduction 

The molybdates of bivalent elements known by the formula AMoO4 (A = bivalent element) 

have been widely studied in recent years because of their remarkable optical properties [1,2]. 

These oxides are thermochromic and piezochromic materials that present phase transitions 

associated with strong changes in colour and the doping by various chemical elements can be 

modify temperatures and pressure transitions [3]. Metal molybdates with monoclinic/triclinic 

systems have various potential uses, such as for photoluminescence, semiconductor lasers, 

magnetism, lithium–ion batteries, microwave applications, catalysis, photoelectric devices, 

photonic crystals, and chemical reactors [4–7].  

The present paper focuses on the synthesis of zinc molybdate substituted with cobalt. In this 

structure, the zinc atoms are bound to six oxygen atoms, forming distorted octahedral clusters 

[ZnO6][8]. Molybdenum atoms are associated with four oxygen atoms, resulting in tetrahedral 

clusters [MoO4], while the Zn2+ ions occupy two sites of different symmetry: octahedral and 

bipyramidal triangular bases [9]. The presence of the cobalt ions in these sites induces 

differentiable colours resulting from the d-d electron transitions [10]. Several synthesis 

methods have been used to synthesize the molybdate AMoO4, such as the solvothermal 

method [11], co-precipitation [12,13], the Pechini method [14], the molten salt method [15], 

and the sol–gel route [16]. This work presents a synthesis of cobalt-zinc molybdate using the 

Glycine–Nitrate-Process (GNP) route based on exothermic redox reactions. Compared to the 

conventional solid state method, this method creates more reactive precursors that lead to 

powders with a high specific surface area at low annealing temperatures. 

2. Methods and materials  

The reagents used to develop the precursors of the molybdate Zn1-xCoxMoO4 are zinc nitrate 

(Zn(NO3)2, 6H2O) (Aldrich, 98%), cobalt nitrate (Co(NO3)2, 6H2O) (Aldrich, 98%), and 

ammonium heptamolybdate ((NH4)6Mo7O24, 4H2O) (Acros, 99%). These reagents were 

mixed in stoichiometric proportions. Glycine was then introduced in a molar ratio of 

glycine/nitrates of 2:3. After evaporation at 110°C, the precursors obtained were pre-calcined 

at 300°C for 12 hours. The resulting black powder was heat treated for 2 hours at a 

determined temperature. Depending on the amount of cobalt (0≤x≤1), different colors were 

obtained after grinding. The synthesized powders were characterized using an x-ray 

diffractometer (Bruker D8 Advance equipped with a detector LynxEye, CuKα, λ=1.5406 Å), 

and the infrared spectra were taken using an FTIR spectrometer (IR Affinity-1S Shimadzu). 
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The Raman spectra were recorded with a LabRAM HR 800 (Horiba Jobin-Yvon) 

spectrometer, and UV–vis measurements were taken with a Perkin Elmer Lambda 35 

spectrophotometer. The morphology of the powders was examined using scanning electronic 

microscopy (JEOL JSM 6400), and the measurements of specific surface areas were 

determined using the BET method (Micrometrics Flowsorb II 2300). The colour parameters 

(L*, a*, b*) were measured using the CIE Lab system colorimeter (CR-400/410, KONICA 

MINOLTA). 

3. Results and discussion 
3.1. Thermal decomposition  

Thermal analysis (TGA/DTA) was performed to monitor the thermal decomposition process 

of the precursors synthesized by GNP route, and to estimate the calcination temperature (Fig. 

1(a) and (b)). Fig 1(a) presents the thermal decomposition of the precursor of Zn0.7Co0.3MoO4 

which occurred over several steps. An initial weight loss of 9% was observed between 50°C 

and 150°C, corresponding to the elimination of superficially adsorbed water. Pyrolysis 

showed a weight loss of 5% in the temperature range of 200–310°C and a more significant 

loss of 12% at 450°C, which was accompanied by an exothermic peak. For the precursor of 

the molybdates Zn0.4Co0.6MoO4 (Fig. 1(b)), the loss attributed to the elimination of water was 

less (3%), and the combustion of organic water occurred in one step, involving a weight loss 

of 8% accompanied by an exothermic peak at 430°C. Beyond 600°C, no weight loss was 

observed, indicating that the decomposition was complete and confirming that 700°C was the 

most appropriate temperature for obtaining pure phases free of organic residue. 

Fig. 2(a) and (b) show the thermogravimetric analysis in air of the mixtures of nitrates used 

for the preparation by the solid-state reactions of the molybdates Zn0.8Co0.2MoO4 and 

Zn0.4Co0.6MoO4 powders. The observed weight losses were 20% and 36%, respectively. These 

losses agreed with those calculated for dehydration and the decomposition of nitrates (19% 

for the compound with x=0.2 and 33% for x=0.6). These transformations are shown by 

endothermic peaks on the DTA curves. No phenomena were observed above 500°C; thus, 

decomposition was complete.  

3.2. X-ray diffraction characterisation 

Figure 3 shows the XRD patterns of powders prepared using the GNP route in an acidic 

medium (pH=3), treated at 700°C for 2 hours, and ground. As shown in Fig. 4, the following 

observations were made: 
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 For 0≤x≤0.30, the powder was monophased and isostructural with triclinic α-ZnMoO4 

(JCPDS file No. 070-5365). 

 For x=0.35 and x=0.40, the powder presents two-phase mixture, one majority isostructural 

phase with monoclinic α-CoMoO4 (JCPDS file No. 073-1331) and minority phase 

isostructural with triclinic α-ZnMoO4 (JCPDS file: No. 070-5365) .   

 For 0.45≤x≤1, the powder was monophased and isostructural with α-CoMoO4. 

The diffractograms of the compound Zn0.7Co0.3MoO4 obtained at a basic pH were given in 

Fig. 5. The XRD peaks have a minimal width at half-height, implying a large average size for 

crystallites compared to the composition prepared in an acidic medium. An acidic medium 

accelerates hydrolysis and promotes condensation at the ends of chains, resulting in less 

dispersed species. A basic environment slows down hydrolysis and promotes condensation in 

the middle of chains, leading to highly branched (i.e., condensed) species [15]. This 

hypothesis was verified by the TEM observations of the Zn0.7Co0.3MoO4 synthesized in acid, 

and basic medium which the TEM micrographs reveal that the average crystallite sizes was 

between 80-140 nm (Fig. 6 (a)) and 1-5 um (Figure 6 (b)), respectively. This shows the 

influence of the pH parameter on the morphology of powders developed by this route.  

For the molybdates Zn1-xCoxMoO4 prepared using solid-state reactions at 700°C, the XRD 

patterns (Fig. 7) show the same phase composition as those for molybdates synthesized using 

the GNP route; that is, one isostructural phase with α-ZnMoO4 for x≤0.3, one isostructural 

phase with α-CoMoO4 for x≥0.45, and a mixture of both phases for the intermediate 

compositions. The ball and stick representation of the crystal structure is given in Fig. 8. 

3.3. Infrared characterization  

In order to confirm the results of X-ray diffraction, spectroscopy analyses (FTIR) were carried 

out on Zn1-xCoxMoO4 (x=0.3 and x=0.6) powders prepared by GNP method and obtained at 

700°C (Fig. 7). As shown in Fig. 9, both samples have similar IR spectra, Regardless to the 

synthesis method adopted, showing the presence of  956, 930 and 906 cm-1 vibration bands 

corresponding to (MoO4)2- tetrahedra. The band observed at 866 cm-1 corresponds to O-Zn-O 

bonds [17,18]. The vibration bands at 750 and 798 cm-1 are due to the expansion of the Zn-O-

Mo bonds [19–21]. Bands at 663 and 418 cm-1 can be attributed to O-Mo-O groups [18]. The 

band at 430 cm-1 is specific to the vibrations of the Co-O-Mo bonds [22]. This result confirms 

the formation of the solid solution Zn1-xCoxMoO4.  
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3.4. Raman spectroscopy characterization   

Raman analysis was performed on the Zn0.7Co0.3MoO4 and Zn0.4Co0.6MoO4 samples obtained 

at 700°C by the GNP route (Fig. 10). According to the literature, MoOn polyhedrons, MoO4 

tetrahedrons and MoO6 octahedrons give Raman strong bands. Generally, Raman bands 

corresponding to the symmetrical stretching (ʋ1) and asymmetrical stretching (ʋ3) modes were 

observed in the 700-1000 cm-1 region, whereas those corresponding to the symmetrical modes 

(ʋ2) and asymmetrical modes (ʋ4) were observed in the 50-520 cm-1 region [23-25]. For the 

Zn0.7Co0.3MoO4 composition, the most intense Raman vibrations were observed at 955 and 

933 cm-1 , they correspond to the symmetrical stretching modes (ʋ1) of the MoO4 tetrahedron 

[26]. The bands at 874, 850, 831 and 809 cm-1 correspond to the stretching vibration 

antisymmetrical modes (ʋ3). Those located at 395, 360 and 328 cm-1correspond, respectively, 

to anti-symmetrical, symmetrical ʋ4 (Bg) and bending modes ʋ2 (Ag). The free rotation mode 

was observed at 276 cm-1 [26]. For the Zn0.4Co0.6MoO4 composition, the Raman bands at 912 

and 882 cm-1 are associated to the symmetrical stretching mode of the Mo-O bonds. Those 

located at 834 and 793 cm-1 correspond to asymmetric oxygen stretching modes in the O-Mo-

O bonds. The bands observed at 360 and 322 cm-1 were attributed to the Mo-O-Co stretching 

vibrations [27–31]. These results were consistent with those obtained by diffraction analysis 

techniques X-rays and infrared spectroscopy (FTIR).  

3.5. Microstructural characterization  

The SEM images for Zn0.7Co0.3MoO4 prepared by GNP route show a powder formed of 

agglomerated particles of varying morphology (Fig. 11 (a)) and for the Zn0.4Co0.6MoO4 (Fig. 

11 (b)) an advanced pre-sintering state which can be attributed to the high cobalt rate. While 

the powders prepared by solid state reactions consisted by agglomerates of grains as revealed 

in Fig. 12 (a) and (b). The TEM micrograph for Zn0.7Co0.3MoO4 powder prepared by GNP 

route (Fig. 13 (a)) reveal elementary grains of more or less spherical shape with average size 

estimated between 80 and 140 nm. While that prepared by solid state reaction (Fig. 13 (b)) 

show agglomerated particles with average size of a few micrometers. 

3.6. Colours analysis  

The colour parameters (L*, a*, b*) of the powders obtained by GNP method and by solid 

state reactions were measured in the CIE Lab system using a CR-400/410 colorimeter. The 

evolution of these parameters as a function of the x composition and the pH was given in Fig. 

14 (a)-(b) and Fig. 15 (a)-(b) for the compounds obtained by the GNP route and those 

obtained by solid state reactions, respectively. The component (-b*) characterizing the blue 
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colour, has a maximum for compositions 0.2 ≤x≤ 0.3 regardless of the method of synthesis 

adopted. In the case of samples synthesised by GNP route, the evolution of colour parameters 

shows that the blue colour appears to develop more for the composition x=0.25 in the basic 

medium. It seems that the degree of blueness for the samples prepared by solid state increase 

with annealing temperature.  

The origin of the colour difference between Zn0.7Co0.3MoO4 compound noted ϕΤ and 

Zn0.4Co0.6MoO4 compound noted ϕM was studied UV-visible spectroscopy (Fig. 16). 

Whatever the used synthesis method, the spectrum of the triclinical molybdate 

Zn0.7Co0.3MoO4 (ϕΤ) shows a single wide and intense absorption band covering wavelengths 

ranging from 390 to 520 nm and centered at 460 nm which confirms the blue coloration of 

this molybdate. This band may correspond to the charge transfer between the valence band 

formed by oxygen-solid atomic orbitals (2p6) and the conduction band formed by empty 

atomic orbitals of molybdenum and/or cobalt. However, it is known that molybdenum VI is 

more easily reducible than cobalt II [32], so it is very probably a charge transfer O2-→Mo6+ 

(2p6 → 4d0). The energy levels of Zn empty orbitals are too high to be involved in this charge 

transfer [33-35]. The monoclinical molybdate Zn0.4Co0.6MoO4 (ϕM) spectrum shows two 

absorption bands at 500 and 540 nm characteristics of the green colour. These bands of low-

energy can be attributed to intra-atomic d-d transitions related to Co2+ ions in octahedral 

symmetry [33]. 

4. Conclusion   

The molybdates Zn1-xCoxMoO4 were synthesized by GNP route and solid state reactions. The 

X-ray analysis reveals that the compounds obtained at 700°C present two single-phased 

domains regardless of the synthesis method: 

   A first domain of blue colour corresponding to a level of cobalt x such as: 0 ≤ x ≤ 0.3, 

isotype to α-ZnMoO4 of triclinical symmetry. 

 A second domain of green colour, for cobalt x levels such as: 0.45 ≤ x ≤ 1 isotype to α 

CoMoO4 of monoclinical structure.  

The study by infrared and Raman spectroscopy of the compositions x=0.3 and x=0.6 prepared 

by the GNP route corroborates the formation of the solid solutions Zn1-xCoxMoO4. 

The UV-Visible absorption spectroscopy study confirms that the origin of blue colour (x=0.3) 

depends on a charge transfer O2- →Mo6+. While the green colour (x=0.6) is due to intra -

atomic d-d transitions related to Co2+ ions in octahedral symmetry. 
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The morphology examined by SEM and TEM analysis shows that the Zn0.7Co0.3MoO4 powder 

prepared by GNP route is formed of particles of quasi-spherical morphology, with an average 

size of crystallites estimated between 80 - 140 nm, in acidic environment. 

The colorimetric parameters measurement show the blue colour is highest for composition 

x=0.25 in cobalt regardless of the method of synthesis adopted. 
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Fig. 1. TGA–DTA curves of (a) the Zn0.7Co0.3MoO4 and (b) the Zn0.4Co0.6 MoO4 precursors prepared 
by GNP route. 
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Fig. 2. TGA–DTA curves of (a) the Zn0.8Co0.2MoO4 and (b) the Zn0.4Co0.6 MoO4 precursors prepared 
by solid-state reactions. 
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Fig. 3. XRD patterns of Zn1-xCoxMoO4 0 ≤ x ≤ 1 compounds prepared at 700°C in acid medium. 

 

 

 
Fig.4. Structures and phase compositions of Zn1-xCoxMoO4 compounds.  
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Fig. 5. XRD patterns of Zn0.7Co0.3MoO4 compound synthesized in acid and basic pH.  
 
 
 

 
 

Fig. 6. TEM micrographs of  Zn0.7Co0.3MoO4 powders synthesized in acid medium (a) and basic 
medium and obtained at 700°C for 2h.    
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Fig.7. XRD patterns of  Zn1-xCoxMoO4 0 ≤ x ≤ 1 compounds prepared at 700°C by solid state 
reactions.  

 

 

 Fig. 8. Ball and stick representation of crystal structure of the Zn1-xCoxMoO4  
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Fig. 9. FT-IR spectra of Zn1-xCoxMoO4 (x=0.3 and x=0.6)  powders obtained at 700°C. 

 

 

Fig. 10. Raman Spectra of the molybdates Zn0,7Co0,3MoO4 and Zn0,4Co0,6MoO4 prepared by the GNP 
route 
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Fig. 11. SEM micrographs of the compositions x=0.3(a) and x=0.6 (b) prepared by GNP route. 

 

Fig. 12. SEM micrographs of the compositions x=0.3(a) and x=0.6 (b) prepared by solid state 
reactions. 

 

 

 

Fig.13. TEM micrographs of Zn0.7Co0.3MoO4 prepared by (a) GNP route and (b) solid state reactions. 
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Fig. 14. Evolution of the colour parameters of Zn1-xCoxMoO4 powders with 0 ≤x ≤0.45 obtained by 

GNP route at pH=3 (a) and pH=10 (b) 
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Fig. 15. Evolution of the colour parameters of  Zn1-xCoxMoO4 powders with (0 ≤x ≤0.45) obtained by 
solid state reactions at (a) 700°C and (b) 800°C.  

 

Fig. 16. UV-Vis absorption spectra of Zn0.7Co0.3MoO4 (ϕT) and Zn0.4Co0.6MoO4 (ϕM) obtained at 
700°C. 
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