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Abstract: Nickel molybdate (NiMoO4) nanoparticles (NPs) were synthesized by sol−gel method. Utilizing water as solvent provides 

crystalline nanostructures. These nanocrystals were structurally characterized by X-ray diffraction, energy dispersive X-ray analysis 

(EDX), and Fourier transform infrared spectra. Compositional stoichiometry was confirmed by EDX technique. The size and shape 

were observed by scanning electron microscopy (SEM) and transmission electron microscope (TEM). It was found that the obtained 

NPs were pure and single phase crystalline with monoclinic structure. The optical properties were studied by ultraviolet−visible 

diffuse reflectance spectroscopy (UV−Vis−DRS) and photoluminescence (PL) measurements at room temperature. The magnetic 

properties were studied by vibrating sample magnetometer (VSM) and results showed superparamagnetic behavior of the obtained 

nanoparticles. Photocatalytic activity of NiMoO4 was studied. The photocatalytic activity of NiMoO4 was enhanced with the addition 

of TiO2. The catalysts NiMoO4, TiO2 and NiMoO4−TiO2 nanocomposites (NC) were tested for photocatalytic degradation (PCD) of 

4-chlorophenol (4-CP). It was found that PCD efficiency of NiMoO4−TiO2 NC was higher than that of pure NiMoO4 and TiO2. 

Key words: NiMoO4; TiO2; nanostructure; sol−gel synthesis; optical properties; magnetic properties; photo-catalysis; monoclinic 

structure 

                                                                                                             

 

 

1 Introduction 
 

Nano-structured semiconductor materials have 

attracted considerable attention in nanoscience and 

nanotechnology due to their better physico-chemical 

properties compared with their same bulk materials [1]. 

Recently, metal molybdate materials have been widely 

used in photoluminescence, microwave applications, 

optical fibers, scintillator materials, humidity sensors and 

photo-catalysis [2,3]. Nickel molybadate (NiMoO4) 

possesses various applications in catalysts such as 

oxidative dehydrogenation of light alkanes [4,5], 

hydrodesulfurization and hydrodenitrogenation [6,7]. 

Several methods have been used to synthesize this metal 

oxide such as sonochemical, hydrothermal, sol−gel, 

chemical precipitation methods [8−17]. Among many 

metal molybdates, NiMoO4 is one of the important 

photocatalyst for degradation of organic compounds. 

Various methods have been used to prepare 

NiMoO4 nanostrutures such as co-precipitation [18,19], 

microwave-assisted solvothermal [20], mechano- 

chemical [21], sonochemical [22], microwave sintering 

[23], and hydrothermal [24] methods. However, by using 

the above conventional methods, NiMoO4 nanoparticles 

were produced comparatively large in size with irregular 

morphology and inhomogeneity. In the present study, 

ethyl cellulose was used as surfactant to prepare NiMoO4 

nanoparticles by sol−gel method. This surfactant is a 

derivative of cellulose, some of hydroxyl groups on the 

repeating glucose units are converted into ethyl ether 

groups. This hydroxyl group plays an important role in 

the dispersion process of NiMoO4  particles. During 

reaction, ester linkage forms between hydroxyl group in 
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ethyl cellulose and carboxylic group in citric acid. The 

ester linkage forms large polymeric structure which traps 

the metal oxides and water molecules, and thus prevents 

the agglomeration of particles [25,26]. Sol−gel method 

exhibits many advantages over other methods, such as 

simplicity, low process temperature and high control of 

pure products. 

Nanosized photocatalytic materials have gained 

much importance due to their prospective uses in the 

control of environmental pollution [26,27], conversion of 

solar energy [28] and production of hydrogen by spilling 

of water [25]. Photocatalysis offers good-quality 

technology for the removal of different toxic organic 

compounds from water by using TiO2 as catalyst has 

been studied [29], because of economic and ecologically 

safe opportunity for solving energy and pollution 

problems [30]. Many nanostructured mixed oxides,  

such as tantalates [31,32], vanadates [33,34],  

molybdates [35−37] and tungstates [26,27,38−41], have 

been reported for UV and visible−light photocatalytic 

activities. 

There are several studies on the synthesis of metal 

molybdates by sol−gel method, characterization and 

photocatalytic activities. UMAPATHY et al [35,36] 

carried out synthesis by sol−gel method, characterization 

and photocatalytic activity of bismuth molybdate [35] 

and ferric molybdate [36]. UMAPATHY and NEERAJA 

[37] reported on sol−gel synthesis, characterization and 

photocatalytic activity of cobalt molybdate. 

NiMoO4 is a good UV−Vis light-driven 

photocatalytic activity for splitting of water and 

degradation of organic pollutants [42]. The 

photocatalytic activity of NiMoO4 can be improved by 

doping with TiO2. Such superior NiMoO4−TiO2 mixed 

catalyst lengthens its application through the generation 

of new catalytic sites, due to strong interaction between 

them. Therefore, it is attractive to study the 

photocatalytic activity of NiMoO4−TiO2 mixed oxides. 

In the present study, NiMoO4 nanoparticles (NPs) were 

prepared by sol−gel method and it was observed that 

NiMoO4 NPs can be used as a photocatalyst for the 

efficient bleaching and mineralization of 4-chloro phenol 

(4-CP) under UV−Vis light irradiation. 

 

2 Experimental  
 

2.1 Materials and methods 

Chemicals used in this study were of analytical 

grade obtained from Merck, India and were used as 

received without further purification. Ammonium 

molybdate ((NH4)6Mo7O24·4H2O), nickel nitrate 

(Ni(NO3)2·6H2O), citric acid and ethyl cellulose were 

used for the sol−gel method. 3 g of ethyl cellulose 

powder (degree of substitution (DS) of ethyl group ~ 1.2) 

was sprinkled slowly into warm deionized water at   

50 °C under continuous stirring to avoid clumping of the 

material. 17.7 g of ammonium molybdate was dissolved 

in 50 mL of deionized water, 29.1 g of nickel nitrate was 

dissolved in 50 mL deionized water and 10 g of citric 

acid was dissolved in 50 mL deionized water, separately. 

These solutions were added to ethyl cellulose solution 

slowly with constant stirring at 50 °C to form sol. This 

sol was then heated slowly to 90 °C under constant 

stirring to obtain a wet gel. Then, the wet gel product 

was dried over 105 °C for 1 h in hot air oven and then 

calcined at 650 °C for 2 h. It was ground in a mortar to 

form a final product of fine powder. 

 

2.2 Characterization  

The characterization of the NiMoO4 nano-powders 

obtained was carried out by using different methods to 

verify the formation of crystal, size of crystallite, 

distribution and other parameters. Rigaku Ultima X-ray 

diffractometer equipped with Cu Kα radiation (λ=1.5418 

Å) was used to analyze the structural characterization of 

NiMoO4 nanoparticles. Perkin Elmer FT-IR spectrometer 

was used to analyze the surface functional groups. Jeol 

JSM6360 scanning electron microscopy (SEM) was used 

to analyze morphologies and energy dispersive X-ray 

analysis (EDX) and transmission electron microscopy 

(TEM) analysis were performed with Philips PM 200 

transmission electron microscopy. DRS spectra were 

recorded by using Cary100 UV−Vis spectrophotometer 

to estimate their band gap energy (Eg). Varian Cary 

eclipse fluorescence spectrophotometer was used to 

record photoluminescence (PLT) spectra. PMC 

MicroMag 3900 model vibrating sample magnetometer 

(VSM) equipped with 1 T magnet was used for magnetic 

measurements at room temperature. 

 

2.3 Photocatalytic reactor setup and degradation 

procedure 

A self-designed photocatalytic reactor was used to 

perform all photochemical reactions under identical 

conditions. This reactor consists of eight medium 

pressure mercury vapor lamps (8 W) set in parallel and 

emitting 365 nm of light. The reactor has a reaction 

chamber with specially designed reflectors made of 

highly polished aluminium and built in cooling fan at the 

bottom and black cover to prevent leakage of light. 

Magnetic stirrer was placed at the center of reaction 

chamber. The open borosilicate glass tube with 40 cm in 

height and 12.6 mm in diameter was used as a reaction 

vessel. Only six parallel mercury lamps were used to 

carry out irradiation. To provide oxygen and for the 

complete mixing of solution, the solution was aerated 

continuously by a pump. Prior to photocatalytic analysis, 

the adsorption of 4-CP on NiMoO4 and TiO2-supported 
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NiMoO4 nano photocatalyst was carried out by mixing 

100 mL of aqueous solution of 4-CP (50 mg/L) with 

fixed quantity (0.3 mg/mL) of the respective 

photocatalyst. A known quantity of commercially 

available TiO2 (Degussa P-25) was mixed with a known 

quantity of NiMoO4 and finely ground in a mortar and 

pestle for 30 min so as to obtain a uniform mixture of 

NiMoO4−TiO2 in the required mole fraction. The PCD 

was carried out by mixing 100 mL of aqueous 4-CP   

(50 mg/L) solution with known quantity (0.3 mg/mL) of 

pure NiMoO4 nano photo-catalyst, pure TiO2 

photo-catalyst and mixed oxides NiMoO4−TiO2 

photo-catalyst, individually. The interactions of NiMoO4 

with TiO2 can be assumed to be those taking place at the 

grain boundaries. The PCD efficiency was calculated for 

NiMoO4, TiO2 and NiMoO4−TiO2 mixed oxide. All 

solutions prior to photolysis were kept in dark by 

covering with aluminium foil to prevent any 

photochemical reactions. The PCD efficiency (η) was 

calculated from the following equation: 
 
η=(Ci−Ct)/Ci×100%                           (1) 
 
where Ci is the initial concentration of 4-CP, Ct is the 

concentration of 4-CP at time t. 

 

3 Results and discussion 
 

3.1 Powder X-ray diffraction (XRD) 

The structure of crystal and phase analysis of the 

sample were characterized by powder X-ray diffraction 

(XRD). Powder XRD patterns of the as-prepared 

NiMoO4  NPs shown in Fig. 1 were indexed to 

monoclinic NiMoO4 according to the JCPDS database 

No.33-0948 [43−46]. Figure 1 (inset) shows XRD 

pattern of bulk NiMoO4 . Impurities of secondary phases 

such as NiO, MoO3, and others were not detected in the 

XRD pattern. The average crystallite size of NiMoO4 

sample was calculated by using Debye−Scherrer formula 

given in Eq. (2): 
 

0.89

cos
L 



 
                                 (2) 

 
where L is the crystallite size, λ is the wavelength of 

X-ray, θ is the Bragg diffraction angle and β is the full 

width at half maximum (FWHM). The average crystallite 

size L calculated from the diffraction peaks was found to 

be around 19.27 nm. The calculated lattice parameters 

were found to be a=9.384 Å, b=8.765 Å, and c=8.025 Å, 

which are in good agreement with the JCPDS file card 

No. 33-0948. 

 

3.2 FT-IR spectral analysis 

Figure 2 shows the FT-IR spectrum of NiMoO4 

nano-powders. FT-IR spectrum containing a broad band 

between ~3500 and ~3700 cm−1 is due to the hydroxyl  

(O—H) stretching mode of water molecules adsorbed on 

the surface of the sample [23]. A band appears at    

2350 cm−1 may be due to combination band of C—H or 

O—H stretching. Absorption band at 1513 cm−1 is due to 

the presence of O—H bending vibrations of adsorbed 

water molecule. The absorption band at 962 cm−1 can be 

assigned to symmetric stretching of Mo=O. The 

characteristic bands of NiMoO4 appear at 485 and    

650 cm−1 are assigned to Mo—O—Mo and Mo—O—Ni 

vibrations, respectively [23]. 

 

 
Fig. 1 XRD pattern of NiMoO4 NPs 

 

 
Fig. 2 FT-IR spectrum of NiMoO4 NPs 

 

3.3 SEM images 

The surface morphology of NiMoO4 sample was 

analyzed by SEM. Figures 3(a) and (b) show the SEM 

images of NiMoO4 sample consisting of agglomerated 

particle-like nanostructure. The agglomeration of 

particles may be due to the attachment of magnetic 

nature of NiMoO4. The elemental composition and purity 

of NiMoO4 sample were also analyzed by energy 

dispersive X-ray method. Figure 3(c) shows the EDX 

spectrum of NiMoO4 sample, which shows the presence 

of Ni, Mo and O by the appearance of Ni, Mo and O 

peaks without any other characteristic peaks. Hence, the 

EDX results are good evidence to draw a conclusion that 

the prepared NiMoO4 does not contain any other 

elements and are certainly free from other impurities. 
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Fig. 3 SEM images (a, b) of NiMoO4 NPs and EDX spectrum 

of NiMoO4 NPs and elemental composition (c) 

 

3.4 TEM images 

Figure 4(a) depicts the TEM image of the 

as-prepared product, which indicates that the product 

belongs to nanosized particles. The particles size from 

TEM and SEM images was found to be in the range of 

20−30 nm. The corresponding selected area electron 

diffraction (SAED) pattern (Fig. 4(b)) indicates the 

crystalline nature of the product. 

 

3.5 Optical properties 

UV−Vis absorption spectroscopy is an important 

technique for characterizing the optical properties of the 

prepared NiMoO4 NPs. DRS analysis was used to study 

the relation between crystallite size and band gap of the 

semiconductors. UV−Vis DRS spectrum of NiMoO4 

nanoparticles is shown in Fig. 5. The steep shape of DRS  

 

 

Fig. 4 TEM image (a) and selected area electron diffraction 

(SAED) pattern (b) of NiMoO4 NPs 

 

spectrum indicates that the visible-light absorption takes 

place from the band-gap transition instead of impurity 

levels [47,48]. The steep absorption edge was at 480 nm, 

corresponding to a band gap energy Eg of about 2.23 eV, 

indicating that the NiMoO4 exhibited an intense 

absorption in the visible-light range. The band gap 

energy (Eg) of the sample can be evaluated using the 

Kubelka−Munk model. It permits the calculation of the 

absorption coefficient (α) by the measurement of the 

UV−Vis diffuse reflectance. Kubelka−Munk function, 

F(R), is directly proportional to the absorption 

coefficient (α) and the value is estimated from the 

following equation [49]: 
 

2(1 )
( )

2

R
F R

R


                            (3) 

 

where F(R) is Kubelka−Munk function, α is the 

absorbance, and R is the the reflectance. A graph is 

plotted between (F(R)hυ)2 and hυ, and the obtained 

intercept value is the band gap energy of the sample   

as shown in Fig. 5. The estimated band gap value     

of NiMoO4 sample was found to be 2.23 eV. The      

Eg of 2.23 eV is much closer to 2.20 eV [23] of sample 

synthesized by conventional/microwave-assisted solvo- 

thermal method. Therefore, the observed different band 
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gaps by different preparation routes could not be resulted 

from the quantum-size effect, but can be attributed to 

their different degrees of crystallization [41]. The 

UV−Vis DRS spectra of NiMoO4−TiO2 nano-composite 

were also recorded and indicated that the band gap 

energy was 2.98 eV, which is higher than that of the pure 

NiMoO4 (2.23 eV) and lower than that of pure TiO2  

(3.20 eV). 

 

 
Fig. 5 UV−Vis diffuse reflectance spectra (DRS) of NiMoO4 

NPs 

 

Photoluminescence (PL) emission is considered a 

powerful tool to obtain information on the electronic 

structure and degree of structural arrangements in 

medium range of the materials [50−53]. The PL spectrum 

of the NiMoO4 nanostructures (Fig. 6) shows a broad 

band covering a large part of the visible spectrum with 

the maximum situated at 480 nm (blue emission).   

This PL profile suggests an emission mechanism 

characterized by the participation of several energy 

levels or light emission centers able to trap electrons 

within the band gap. However, the luminescence peaks 

were observed in the visible region at around 530, 545, 

and 565 nm, which are mainly due to the presence of 

radiative defects and oxygen vacancies of NiMoO4 

nanoparticles. 

 

 

Fig. 6 Photoluminescence (PL) spectrum of NiMoO4 NPs 

3.6 Magnetic properties 

Figure 7 shows the magnetic hysteresis (M−H) loop 

of NiMoO4 nanoparticles with the field sweeping from 

−1200 to +1200 A/m at room temperature. The as- 

prepared NiMoO4 nanoparticles show superparamagnetic 

behavior. NiMoO4 nanoparticle is an important magnetic 

material. The saturation magnetization (Ms), remnant 

magnetization (Mr) and coercivity (Hc) values of the 

sample NiMoO4 is 0.0187 A·m2/kg, 0.0052 A·m2/kg and 

2.3168×104 A/m, respectively. However, the magnetic 

properties of materials are influenced by many factors, 

such as size, crystallinity and surface structure. 

 

 

Fig. 7 Magnetic hysteresis (M−H) loop of NiMoO4 NPs 

 

3.7 Photocatalytic properties 

The crystalline nature, size, shape and morphologies 

of the nano-materials are important factors that influence 

their photocatalytic activity. We prepared NiMoO4 

nano-photocatalysts to understand their catalytic activity 

of TiO2-supported NiMoO4−TiO2 nanocompositie. In this 

study, we made an attempt to reveal the relationship 

between optical and photocatalytic properties of pure 

metal oxides (NiMoO4 and TiO2) and mixed metal oxides 

(NiMoO4−TiO2) and a series of experiments were carried 

out with 4-CP in aqueous suspension with light of 

wavelength 365 nm. 

TiO2-supported NiMoO4 nano-photocatalyst on the 

PCD efficiency was evaluated, as shown in Fig. 8. The 

control experiment was carried out in the absence of 

catalyst by irradiating the solution with UV radiation 

(photolysis). The degradation of 4-CP due to photolysis 

was found to be less than 10%. The PCD efficiency of 

NiMoO4 is lower compared with TiO2. The PCD 

efficiency of TiO2-supported NiMoO4 (i.e., NiMoO4− 

TiO2) photocatalyst is higher than that of pure NiMoO4 

photocatalyst. It was found that the photocatalytic 

activity of single phase NiMoO4 is enhanced when it   

is coupled with TiO2 catalyst to form a composite 

catalyst [54,55]. Though the band gap of NiMoO4 is 

smaller (2.23 eV) than that of TiO2 (3.2 eV) and it is a 
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visible light active catalyst, it exhibits lower 

photocatalytic activity due to its lower valence band 

potential compared to TiO2 [56]. The band gap of 

NiMoO4−TiO2 nanocomposite (2.98 eV) was found to be 

lower than that of pure TiO2 (3.2 eV), exhibiting higher 

photocatalytic activity due to its lower valence band 

potential. When equimolar quantities of TiO2 and 

NiMoO4 are coupled and irradiated with UV−Vis light, 

the photocatalytic activity is improved though the charge 

carriers can migrate to NiMoO4 due to the higher valence 

band potential of TiO2. The degradation of 4-CP is 

believed to be initiated through the attacks by hydroxyl 

radicals at the phenyl group of 4-CP, which may result in 

the formation of intermediates that may be 

monohydroxylated or dihydroxylated 4-CP and followed 

by the cleavage of two-phenyl groups into intermediates. 

In addition, hydroquinone was the major intermediate. 

 

 

Fig. 8 Photocatalytic degradation (PCD) efficiency of TiO2- 

supported NiMoO4 photocatalyst (Experimental conditions:  

50 mg/L 4-CP, 0.3 mg/mL photocatalyst, λ=365 nm, suspension 

pH 3) 

 

The photo-degradation kinetics of 4-CP with and 

without NiMoO4−TiO2 nano-photocatalyst in the 

presence of UV light was evaluated using the pseudo 

first-order rate equation: 
 
ln(Ct/C0) =−k1t                              (4) 
 

where C0 is the initial concentration (mg/L), Ct is the 

concentration (mg/L) at time t, t is the UV light exposure 

time and k1 is the first-order rate constant. The values of 

k1 in relation to 4-CP concentration 50 and 1000 mg/L in 

the presence of NiMoO4−TiO2 catalyst were 1.87×10−2 

and 0.94×10−2 min−1, respectively, whereas the rate 

constants of the same reaction without catalyst were 

found to be 0.732×10−2 and 0.293×10−2 min−1, 

respectively. The higher rate constant obtained using 

NiMoO4−TiO2 catalyst can be attributed to the combined 

effects of adsorption of 4-CP molecule over catalyst 

surface followed by oxidation using the generated 

hydroxyl radical and direct attack of photo-generated 

holes [57]. 

 

3.8 Reusability 

The photocatalytic activity of NiMoO4 was 

employed as a model reaction to investigate the 

reusability of NiMoO4 and NiMoO4−TiO2 as nano- 

catalysts. The recycling of the catalyst is very important 

for industrial applications. The reusability of the 

catalysts for photo-degradation of 4-CP was evaluated 

and the results are shown in Fig. 9. For this purpose, the 

sample was filtered off from each run and washed 

several times with ethanol and dried at 70 °C in an air 

oven for 2 h and was checked for five consecutive runs 

under the same conditions, which indicates that these 

catalysts display good reproducibility and  stability. 

From the results, it shows that the NiMoO4 and 

NiMoO4−TiO2 nano-catalysts are highly active, highly 

recyclable, remarkably stable and environmentally 

friendly; they are promising candidates for the industrial 

and technological applications. 

 

 

Fig. 9 Reusability of NiMoO4 and NiMoO4−TiO2 nano- 

catalysts 

 

4 Conclusions 
 

1) NiMoO4 nanoparticles were synthesized via 

sol−gel method using ethyl cellulose as surfactant. 

Powder XRD results indicated that pure single phase 

crystalline with monoclinic structure of NiMoO4. The 

SEM and TEM images show that the morphology of the 

product consists of well-defined nanoparticles structure 

with agglomeration and the particle size in the range of 

20−30 nm. 

2) VSM results show superparamagnetic behavior. 

The PCD efficiency of TiO2-supported NiMoO4 (i.e., 

NiMoO4−TiO2) photocatalyst is higher than that of pure 

NiMoO4 photocatalyst. These results indicate that 

NiMoO4 nano-structures may find applications in water 

pollution control. 
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3) Compared to other synthetic methods, sol−gel 

method is a facile, low-cost pathway to synthesize novel 

NiMoO4 nano-particles. 

4) The monoclinic NiMoO4 and NiMoO4−TiO2 

nanophotacatalysts show photocatalytic efficiencies of 

89.42 % and 97.68 % respectively for the degradation of 

4-CP under the UV−Vis light irradiation. 
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摘  要：采用溶胶−凝胶法合成钼酸镍(NiMoO4)纳米颗粒。以水作为溶剂使所得产品具有纳米晶结构。使用 X 射

线衍射、能量分散 X 射线分析(EDX)和傅里叶转换红外光谱等手段对纳米晶进行结构表征。使用扫描电镜和透射

电镜对纳米晶颗粒的尺寸大小和形貌进行观察。结果表明，所得纳米颗粒和纯度较高，为单相单斜结构。采用    

紫外−可见漫反射光谱(UV−Vis−DRS)和光致发光测量法研究室温下产品的光学性能。采用振动样品磁强计(VSM)

研究样品的磁性能。结果显示，所得样品具有超顺磁行为。考察了 NiMnO4样品的光催化活性。结果显示，添加

TiO2能提高 NiMnO4的光催化活性。测定了催化剂 NiMnO4、TiO2和 NiMoO4−TiO2纳米颗粒对 4-氯酚(4-CP)的光

催化降解行为。光催化降解结果显示，NiMoO4−TiO2纳米颗粒的光催化降解效率高于 NiMnO4 和 TiO2的。 

关键词：NiMnO4；TiO2；纳米结构；溶胶−凝胶合成；光学性能；磁学性能；光催化；单斜结构 
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