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Abstract. Semiconductor photocatalysts, especially nickel molybdenum oxide with a monoclinic structure, have been
frequently used to address environmental pollution issues. Many advantages have been discovered for photocatalytic
applications using this material, so, in this study, we have studied the physical properties of NiMoO4 thin film prepared
using the spray approach. The structural properties have been characterized by X-ray diffraction analysis, Raman
spectroscopy, Fourier transform infrared spectroscopy and scanning electron microscopy. The structural analysis shows a
monoclinic structure with space group C2/m and a grain size equal to 150 nm. In addition, the optical measurements show
direct optical transitions with a bandgap equal to 3.56 eV, revealed by an ellipsometric spectroscopy study. Using a
spectroscopy impedance analysis, we have also investigated the frequency relaxation phenomenon and determined the
activation energy, which was equal to 1.16 eV. Finally, the photocatalytic degradation of methylene blue was performed
on this thin layer under sunlight irradiation. The monoclinic structure and possible defects in the lattices were used to
discuss the effective photocatalytic activity.
Keywords. NiMoO4 thin films; spray pyrolysis; structural study; spectroscopic ellipsometry; electrical properties;
photocatalytic activity.

1.

Introduction

Given the rapidly increasing global pollution, particularly
organic dyes, the most common type of pollutant in
wastewater, it is necessary to develop a modern, harmless
and low-cost method to solve environmental pollution
problems. Nowadays, water contamination by water-borne
pathogens is a growing problem that is causing water
quality to deteriorate. As a result, scientists are searching
for environmentally friendly ways to eliminate germs from
wastewater [1,2]. Photocatalytic disinfection appears to be a
promising strategy in eliminating these pollutants to solve
the pathogens problem in the contaminated wastewater.
Specifically, the semiconductor photocatalyst in the photocatalytic system creates reactive oxygen species (ROS) that
may kill pathogens under ambient conditions by utilizing
sunlight.
Furthermore, solar energy is seen as a superior choice
since it is renewable, clean, environmentally friendly and
plentiful [3,4]. However, the most challenging aspects of
the photocatalytic process are absorption of excitation
light and separation of photogenerated carriers, both

dependent on an energy bandgap and crystal structure.
NiMoO4 photocatalyst is a potential material for
resolving these challenges, since it is a visible-lightdriven material with a bandgap of 2.54–3.8 eV [5,6].
Because of its low cost, environmental friendliness, great
electrical conductivity, optical centres, room temperature
stability and high specific surface properties, visible
light-driven NiMoO4 is the ideal choice. Monoclinic
structure, C2/m space group, octahedral co-ordination of
Mo6?/Ni2? ions, and edge-sharing oxygen atoms are
among its features [7]. There are two crystalline phases
of NiMoO4: The b-phase is stable only at high temperatures and has tetrahedrally coordinated molybdenum
ions, whereas the a-phase is stable only at ambient
temperature and has molybdenum ions at octahedral
positions [8,9]. Umapathy et al [10] found that under
UV–vis light irradiation, monoclinic-NiMoO4 exhibits
high photocatalytic efficiencies for the destruction of
4-CP. On the other hand, Ray et al [11] report the
modification of NiMoO4 photocatalyst by studying
the effect of the morphology surface and doping on the
killing of the pathogens in the wastewater.
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NiMoO4 has been synthesized using various techniques,
including hydrothermal, sol–gel and electrodeposition
[12,13], and this oxide is used in various applications, such
as photocatalytic and antibacterial applications [14].
This study includes the preparation and characterization
of monoclinic NiMoO4 thin films by the spray pyrolysis
technique and assessing the photocatalytic activity of NMO
thin films by the methylene blue (MB) dye under visible
light. The breakdown of MB in the presence of sunlight
corroborated this action. The obtained results are correlated,
and structural, morphological and optical investigations are
used to evaluate the photocatalytic activity.

2.
2.1

Experimental
Films preparation

A chemical spray approach was used to deposit nickelmolybdate-oxide (NMO) thin films onto glass substrates at
460C. NiMoO4 thin films were made utilizing two precursor solutions (S1 and S2) containing ammonium
molybdate tetrahydrate [(NH4)6Mo7O244H2O] and [NiCl2
6H2O] ions, respectively (S1: 7.10-1 M; S2: 10-1 M; or
[Mo?6]=[Ni?2]) dissolved in water. Through a 0.5 mm
diameter nozzle, nitrogen was employed as the gas carrier.
Throughout the deposition procedure, the flow rate of the
precursor mixture was kept constant at 4 ml min-1. The
resultant thin films were cooled to room temperature after
deposition.

2.2

Characterization techniques

A copper-source diffractometer (Analytical X Pert
PROMPD) with a wavelength of 1.5418 was used to measure the X-ray diffraction data of NiMoO4 films. A Horiba
Jobin HR 800 system with a 488 nm excitation was used to
analyse Raman spectra at ambient temperature. A Bruker
Fourier transform spectrophotometer was used to conduct
Fourier transform infrared (FTIR) measurements in transmission mode. The surface morphology of the films is
probed by a JOEL-JSM 5400 model scanning electron
microscope (SEM). The optical characteristics and optical
gap of NMO thin films were determined using ellipsometry
in the wavelength range of 250–900 nm. The NiMoO4 layer
was modelled as a material that meets the Cauchy dispersion condition in terms of refractive index (n) and extinction
coefficient (k). Using an impedance meter (Hewlett-Packard
4192 analyzer), impedance measurements of films were
taken at various temperatures (593–653 K) in the frequency
range 1 Hz–13 MHz. Finally, the photocatalytic activity of
NiMoO4 thin films was determined by measuring the rate of
decomposition of aqueous MB solution when exposed to
solar light. At room temperature, 100 ml of MB aqueous
solution with an initial concentration of 20 mg l-1 was used
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in the photocatalytic studies. The solution was magnetically
stirred in the dark for 1 h to achieve adsorption–desorption
equilibrium, and then it was irradiated with solar light. The
thin films were removed from the reaction at defined
time intervals (1 h) and analysed using a UV–vis
spectrophotometer.

3.

Results and discussion

3.1

Structural properties

3.1a X-ray diffraction: The phase composition and crystal
structure of NiMoO4 thin films were examined by X-ray
diffraction (XRD) analysis (figure 1). XRD patterns shows
clear and visible diffraction peaks located at 12.71, 24.02,
25.4, 27.9, 33.27,35.46, 38.84, 45.86 and 49.41, which
correspond, respectively, to (110), (–202), (–221), (220),
(–203), (–113), (040), (–204), (241) and (024) planes,
confirming the monoclinic structure of NiMoO4 with C2/m
space group. The indexing has been performed by matching
the concerned JCPDS card no.: 86-0361 with the preferential orientation (220). The XRD pattern revealed no
secondary phases, such as NiO and MoO3, implying the
creation of a phase pure compound. This finding is consistent with that of Moosavifard et al [15].
The calculated values of the cell parameters a, b and c
were equal to 9.51, 8.72 and 7.61 Å, respectively, which are
in good agreement with the JCPDS card. The crystalline
size of NMO thin layer was estimated using the Scherrer
formula, given in equation (1) [2]:
D¼

kk
:
bð1=2Þ cos(hÞ

ð1Þ

The Scherrer constant is K ¼ 0:9, the wavelength is
1.5418 for CuKa, the size contribution to the full-width at
half-maximum (FWHM) of the reflection is bð1=2Þ , and the
diffraction angle is h.
Furthermore, the dislocation density ðdÞ, which is defined
as the length of dislocation lines per unit volume and

Figure 1.

X-ray diffractogram of NiMoO4 sprayed thin film.
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measures the number of flaws in a crystal, has been calculated using the following equation:
d¼

1
:
D2

ð2Þ

Finally, the following equation may be used to compute
the microstrain (n:), which is an interesting structural
characteristic of NMO thin films [16]:
n¼

bð1=2Þ
;
4tanðhÞ

ð3Þ

where h is the Bragg angle and bð1=2Þ is the full-width at
half-maximum of the corresponding peak.
Table 1 shows the average crystallite size, dislocation
density and microstrain.
NiMoO4 has two crystalline phases: a-NiMoO4 and bNiMoO4 in its monoclinic structure [8,17]. Figure 2 shows
the diamond crystal’s structural maps of NiMoO4. This
structure is composed of metal-oxygen octahedral, which
has two colour centres (Mo and Ni reside in NiMoO4, the
adjacent MoO6 and NiO6 octahedra are joined by a shared
edge. In Ni2? or Mo6? groups, the d–d or charge transfer
transitions from O-2p to 3d orbital are easily induced.
3.1b FTIR spectral analysis: The structure of NMO thin
films was studied using FTIR spectroscopy. The results,
which are shown in figure 3, exhibit characteristic peaks at
484, 656, 735, 965, 1420 and 1516 cm-1. The existence of
O–H bending vibrations of adsorbed water molecules creates the adsorption band at 1516 cm-1. Furthermore, the
signal at 965 cm-1 can be attributed to Mo=O symmetric
stretching. The band at 735 cm-1 is due to the band Ni–
Mo–O stretching symmetrically [18]. The characteristic
bands of NiMoO4 appearing at 656 and 484 cm-1 are
assigned to the distorted geometry of MoO6 group and Mo–
O–Ni vibrations, respectively [19]. Our results are very
similar to those of previous articles that have been published [20].
3.1c Raman measurements: Figure 4 shows the Raman
spectrum of NiMoO4 thin films. The high-intensity peak at
821 cm-1 is associated with the Ni–O–Mo asymmetric
stretching mode [21], whereas the low-intensity bands at
963, 914 and 709 cm-1 are attributed to octahedral coordination molybdenum and oxygen vibrations [22]. The
Raman band at 996 and 667 cm-1 corresponds to Mo–O
stretching mode of triply coordinated oxygen. Similar
results have often been reported in the literature [23].

Table 1.

NiMoO4

Figure 2.

The crystal structure of NiMoO4 thin film.

Figure 3.

FTIR spectral of NiMoO4 thin film.

Figure 4.

The Raman spectrum of NiMoO4 thin film.

Crystallite size, dislocation density and microstrain of NiMoO4 thin film.
Crystallite size (nm)

Dislocation density (d) (1024)

Microstrain

68.3

2.14

0.2
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Morphological properties

Scanning electron microscopy was used to examine the
surface morphology of NiMoO4 sprayed thin layer. The
SEM photographs are depicted in figure 5. It can be seen
from the figure a clearly disturbed surface, which is probably due to the inhomogeneity of the droplet size of the
sprayed aerosol liquid. The layers’ bottom surfaces are
homogeneous, with small spherical grains. SEM shows an
average grain size of around 150 nm.

3.3

Optical properties

3.3a Spectroscopic ellipsometry: Spectroscopic ellipsometry is a nondestructive and powerful tool for obtaining a
multilayer system’s thickness and optical constants. At a
75 incidence angle, the ellipsometric parameters w and d
are measured throughout a wavelength range of 250–900
nm, and the best fit findings (w and d) of our simulations for
the sample are shown in figure 6.
Using the WinElli II program, the optical constants and
thickness were determined by fitting the observed ellipsometric parameters w and d to the Cauchy model. A twolayer model is used to explain the film, with a dense
NiMoO4 layer and a surface roughness combined with
dense material and void.
Table 2 shows the surface roughness, film thickness and
quality of fit values produced from spectroscopic ellipsometry data analysis.
The refractive index n and the extinction coefficient k of
NiMoO4 thin films are shown in figure 7. We observe a
decrease in the index of refraction and coefficient extinction
with the increase in the wavelength.
Furthermore, using the following relationship, the
absorption coefficient a(k) of this material was determined
from the mean absorption edge:
að kÞ ¼

4pkðkÞ
:
k

In the mean absorption range, the ðahmÞ2 plots with the
photon energy hm axis are linear, suggesting that the electronic transitions are direct, as illustrated in figure 8. The
optical bandgap Eg values were calculated using the following relationship from the intersection of these linear
components slope [16]:

ðahmÞ2 ¼ A hm  Eg ;
ð5Þ
in which A is a constant characteristic of the
semiconductor.
3.3b Photoluminescence: In this study, we have also
investigated the optical properties of NiMoO4 thin films,
using the photoluminescence (PL) technique. This characterization is considered a powerful tool to deduce the photoactive centres in NMO thin films. These photoactive
centres are really the defects, which affect the electron–hole
recombination. The PL spectrum of NMO (figure 9a) shows
emissions near the edge of the band in the UV region and
some emissions in the visible. In order to determine all the
PL emissions, a Gaussian fit was used to detect the origin of
particular emissions. The different emissions are shown in
table 3. The main UV emission band centred around 397 nm
(3.13 eV) may be ascribed to the near-band edge (NBE)
transition, which is slightly less than the optical bandgap of
NMO thin films. A schematic band diagram was made to
visualize the optical transitions during the emission pathways (figure 9b). The high-spin and low-spin oxygen 2p
states form the band valence and the 4d states of high-spin
and low-spin molybdenum constitute the conduction band
(BC) of NiMoO4. This figure also reveals a contribution of
3d states from the nickel element in both bands. This is due
to hybridization effects between the intervening molecular
orbitals after the formation of chemical bonds. So, the
visible emissions can be attributed to the process of transfer
of metal–metal charges from the fully filled Ni-3d orbitals
to the unfilled Ni-3d orbitals.

ð4Þ
3.4

Figure 5.

SEM micrograph of NiMoO4 layer.
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Impedance spectroscopy analysis

Figure 10 shows the Nyquist plots for NMO at different
temperatures. Semicircular arcs whose radius reduces with
increase in temperature can be seen in plots produced
between imaginary component Z00 and real portion Z0 of the
impedance. We calculated the equivalent ac circuit of this
polycrystalline thin film produced on glass substrate by
properly interpreting the presented impedance spectra,
which consisted of a parallel resistor R and capacitor
C network coupled in series [24,25].
The following are the experimental values for the
aforementioned parameters: The related frequency at the
maximum data point Z00 max of the curve on the real axis was
used to calculate the capacitance C (figure 11a). The value
of the resistance R axis was determined by the second
intercept (figure 11b). It was observed that when the
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Figure 6. Comparison between experiment and simulation parameters w and d of NiMoO4 layer.
Table 2. Thickness, bandgap energy and quality of fit of ellipsometry spectroscopic of NiMoO4.
Film thickness (nm)

NiMoO4

Rough layer
0.0643

Bulk
299

Eg (eV)
3.56

Quality of fit
Sigma

R2

3.248 9 10-4

0.961

temperature increases, the R-value drops considerably,
which clearly shows the semiconductor behaviour of the
sample.
The Cole–Cole plots of imaginary component Z00 with
frequency for NMO at various temperatures are depicted in
figure 12. The imaginary portion Z00 grows with frequency
until it reaches a maximum peak Z00 max at the relaxation
frequency xm , then drops to zero. Furthermore, when the

temperature rises, the position of the relaxation peak
changes towards higher frequencies, while Z00 max values
decrease. The angular relaxation frequency, on the other
hand, obeys the well-known Arrhenius law [26]:
Ea

xm ¼ x0 eKB T ;

ð6Þ

Ea is the thermal activation energy of the carriers charge,
where x0 is a constant.
The difference between the trap level and the conduction
band is represented by Ea in this situation. The expression
of lnðxm Þ ¼ f 1000
T , which is plotted in figure 13, indicates
a linear function, which is in good agreement with equation
(6). This curve yields to Ea ¼ 1:16  0:07 eV as the activation energy.
Figure 14 depicts the relationship between conductivity
rt and frequency at various temperatures. Its value is proportional to frequency by [27]:

Figure 7. Refractive and extinction indices variation vs. wavelength of NiMoO4 thin film.
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Figure 8. Plots of [a(ht)]2 vs. the photon energy of NiMoO4
layer, as determined by spectroscopic ellipsometry.

Figure 10.
temperatures.

Complex
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impedance

spectra

at

different

The conduction process is linked to the evolution of s
with temperature. Figure 15 depicts the predicted frequency
exponent s values in terms of temperature. This exponent
drops as the temperature rises from 723 to 773 K. The
linearity of the s curve as a function of temperature
demonstrates that the CBH model can describe the conduction process [29]. The exponent, according to this
approach, is given by [30]:
s¼1

6kB T
:
Wm

ð8Þ

The maximal barrier height, Wm , is 1.78 eV.

3.5
Figure 9. (a) The photoluminescence spectrum and (b) the
schematic band diagram of NiMoO4 thin film.

rt ¼ rac þ A:xS ;

ð7Þ

where s is the power exponent, while A is a temperaturedependent constant. The linear variation of ac conductivity
with the frequency indicates that conduction is due to the
hopping of polarons between the localized sites according
to the model proposed by Pike and Elliott, who called the
correlated barrier hopping (CBH) [28]. The electronic
jumps occur exceptionally between the localized states in
the gap.

Table 3.

The photocatalytic activity was studied by introducing
NiMoO4 thin films into 100 ml MB aqueous solution under
sunlight irradiation. Figure 16 exhibits the obtained results
of the photodegradation of MB as a water contaminant
under sunlight. The proposed mechanism can be assumed as
follows: NiMoO4 thin film produces electron–hole pairs at
the surface when absorbing visible light with phonon energy
equal to or exceeding the bandgap. After that, the photogenerated holes on the surface of thin films can interact with
H2O and OH- to form hydroxyl radical OH•. By accepting
the electron, O2 produces a superoxide anion radical O2-•,
which in turn reacts with HO2• to form hydrogen peroxide

Characteristics of photoluminescence peaks: positions and energy.

Peak 1 (UV)
Position (nm)
397

Photocatalytic activity

Peak 2 (blue)

Peak 3 (green)

Energy (eV)

Position (nm)

Energy (eV)

Position (nm)

Energy (eV)

3.13

484

2.56

532

2.33
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Figure 13.
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The activation energy Ea of NiMoO4 layer.

Figure 11. The variation of the (a) capacitance and (b) parallel
resistance of sprayed NMO thin film at different temperatures.
Figure 14. The conductivity rt vs. frequency at different
temperatures of NiMoO4 layer.

Figure 12.

The Cole–Cole plots of NiMoO4 layer.

Figure 15.
thin film.

The evolution of s with the temperature of NiMoO4
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So, the surface characteristic of thin films will significantly influence their photocatalytic activity. Based on this
analysis, NMO thin films showed a good photocatalytic
activity, which may be due to the surface roughness and the
larger grain size.

4.

Figure 16. UV–visible adsorption spectra of the degradation of
MB dye by NiMoO4 thin films under sunlight irradiation for 1 h.

Conclusion

Nickel-molybdenum-oxide thin films are prepared on a
glass substrate using the spray pyrolysis technique at 460C.
Both XRD, Raman and FTIR results corroborated the formation of a-NiMoO4 pure structure without any secondary
phases. The bandgap energy of this thin film is 3.56 eV,
which helps in the photodegradation of MB dye when
exposed to sunlight. Its structure and high bandgap might be
linked to its efficient photocatalytic activity. The monoclinic structure, which comprises of highly deformed NiO6
and MoO6 octahedra, might be linked to the efficient photocatalytic capacity.
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