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Abstract. Nickel molybdate (NiMoO4) thin film has been prepared by the spray pyrolysis method, using nickel chloride
hexahydrate (NiCl26H2O) and ammonium molybdate tetrahydrate [(NH4) 6Mo7O244H2O] as precursors in the aqueous
starting solution. First, the structure and the surface morphology characterizations were carried out by scanning electron
spectroscopy (SEM), Raman and X-ray diffraction (XRD) techniques. Structural analysis by using XRD technique shows

that the NiMoO4 thin film crystallizes in the monoclinic phase, mainly orientation along (110), (021), (204),
(220), (150)

and (152),
directions. In addition to these studies, the stoichiometric composition has been reached by the energy
dispersion analysis technique. Second, the optical properties have been studied by means of the reflectance and the
transmittance spectra, in the wavelength range of 300–1800 nm. This study shows a direct transition of this ternary oxide
with an optical bandgap about 3.12 eV and Urbach energy EU in the order of 663 meV. Finally, the photoluminescence
emission spectrum of the NiMoO4 thin film showed emissions peaks in the violet and blue regions and others emission
related to some defects in the prepared film.
Keywords.
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Introduction

The transition metal oxides based on molybdenum AMoO4
(A = Mg, Co, Ni, Cu…) are promising materials for various
applications, such as super-capacitor, optical fibres, photocatalysis, moisture sensors, etc. From the structure side, two
major types of structures exist with a base-centric C2/m
monoclinic space group (b- and the a-forms) [1]. Depending on the type of compound A, a difference in terms of
electronic structure can be found in their valence states.
Among this family, NiMoO4 has attracted significant
research interest, thanks to its naturally abundant, environmentally benign and low-cost. In fact, this ternary oxide
exhibits interesting environmental applications. Particularly, this material could work as photocatalysis to degrade
dyes in water solutions under light radiation [2] and its uses
for both humidity sensors and super-capacitor applications
[3]. Moreover, this compound proved its efficiency in several domains like light-emitting diodes, optoelectronic and
optical fibres.
However, this oxide is not widely studied in terms of the
structure and the optical performances. Indeed, it is well
known that ternary oxide of NiMoO4 crystallizes in three

forms with monoclinic phase, with only two of them stabilized at the atmospheric pressure [4]. The a-NiMoO4 form
is characterized by an octahedral molybdenum ion configuration and it remains in a stabilization state at room temperature. As a result of elevated temperatures of
approximately T = 650C, a-NiMoO4 can convert to a bNiMoO4 form, this transformation is characterized by the
change in symmetry of molybdenum from octahedral to
tetrahedral sites [5,6], then it returns to a-phase when the
temperature decreased. Moreover, both phases are p-type
semiconductors at room temperature. On the contrary, in the
temperature range of 450–650, b-NiMoO4 behaves as a
typical p-type semiconductor. The a-form is characterized
by two categories of conduction, it acts as a p-type semiconductor as well as n-type one [2]. These adequate electrical properties make this ternary oxide suitable for use in
many applications, such as super-capacitors, photoluminescence (PL), microwave applications, optical fibres,
scintillating materials, moisture sensors, magnetic compound properties and catalysis [5–7].
Several methods have been used to prepare NiMoO4 thin
films, such as microwave hydrothermal [8], sol–gel method
[9], spray pyrolysis [10] and electrospinning technique [11].
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This study deals with the synthesis of thin films of NiMoO4
by the spray pyrolysis technique on glass substrates. First,
the structural and optical properties were studied using an
X-ray diffraction (XRD) and Raman techniques. Second,
the optical properties have been reached by the optical
reflectance transmission spectra and the PL measurements.
Finally, the surface morphology is studied by scanning
electron microscopy (SEM) and the determination of the
chemical composition is deduced by meaning of EDX.

2.
2.1

Experimental
Synthesis of NiMoO4 the thin films

The synthesis of the thin film of NiMoO4 is obtained using
an aqueous solution of nickel (II) chloride hexahydrate
(NiCl26H2O), and ammonium molybdate tetrahydrate
[(NH4) 6Mo7O244H2O]. Cleaned ordinary glass (10 9 25
mm2) was used as substrates. During the deposition process,
the temperature was fixed at 460 C, nitrogen was used as a
carrier gas (pressure at 0.35 bar) and the substrates-spray
nozzle distance is also fixed at the optimal value of 27 cm
[12].
After deposition, the prepared films were allowed to cool
down naturally at room temperature for more than 3 h.

2.2

Characterization technique

Structural properties of NiMoO4 thin film was performed by
the meaning of the X-ray diffraction (Philips PW 1729
system) using CuKa radiation (k = 1.541 Å). The optical
properties were studied through the transmission and
reflectance measurements in a wavelength range of
300–1800 nm by means of 3100 Shimadzu spectrophotometers. Room temperature PL properties under 270 nm
excitation were also studied. SEM was used in order to
study the morphological properties of NiMoO4 thin films.
The vibrational properties were carried out by the study of
Raman spectrum by using a Jobin Yvon Raman LABRAM
HR HORIBA spectrometer.

3.

Results and discussion

3.1

Structural properties

Figure 1a shows the XRD pattern of NiMoO4 thin film. This

spectrum depicts the presence of (110), (021), (204),
(220),

(150) and (152)
peaks corresponding to a-NiMoO4 phase
(JCPDS No.: 98-008-1059). The structural and profile
refinement was performed by Full prof software (figure 1b).
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The refinement of the XRD pattern proves that the prepared
film has a monoclinic structure belonging to the C2/m space
group.
As shown in figure 1c, in this structure, the elements
nickel and molybdenum occupy the octahedral sites, while
oxygen occupies the top of these octahedrons.
From this refinement, lattice parameters were deduced
and their values are listed in table 1. These values are in
good agreement with those obtained by de Moura et al [13]
and Jothi et al [14].
As a confirmation of this Rietveld study and in order to
further explore structural performance of synthesized
NiMoO4, lattices parameters are also calculated. Indeed, in
the monoclinic phase (C2/m), the values of the inter-planar
distance dhkl are calculated using the Bragg relation:
2d sin h ¼ nk

ð1Þ

This inter-plane distance dhkl can be written as a function
of the lattice parameters (a, b, c and b) and Miller indices
(h, k, l) by the following formula [15]:
 2

1
1
h
l2 k2 sin2 b 2hk cos b
¼ 2
þ þ

ð2Þ
2
b2
ac
dhkl
sin b a2 c2
Table 1 shows the calculated values of a-NiMoO4 lattices
parameters. It can be seen that these values are close with
the Rietveld investigation.
Based on this first part of the structural study, it can be
concluded the optimum deposition conditions for this thin
film material.
On the other hand, from XRD pattern, other structural
parameters were deduced.
First, the texture coefficient (TC) allowed us to identify
the preferred orientation of the NiMoO4 thin film based on
the following relation [12]:
TCðhklÞ ¼

IðhklÞ =I0ðhklÞ
P
N 1 IðhklÞ =I0ðhklÞ

ð3Þ

where I(hkl) is the measured intensity related to the Miller
indices (hkl), I0 corresponds to the reference intensity taken
from ICSD no. 98-008-1059 card. The TC calculated values
are listed in table 2.
From this TC calculated values of a-NiMoO4 prepared
thin film, it is found the absence of preferentially orientation
but the crystallites are mainly oriented along (110), (021),


(204),
(220), (150) and (152)
orientations. This property
indicates that crystallites tend to grow parallel to the substrate plane, which can affect both optical and electrical
properties.
Also, the crystal size can be determined by the DebyeScherrer formula [16].
D¼

kk
b cos h

ð4Þ
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(a) X-ray diffraction spectrum, (b) Rietveld refinement and (c) display of the structure of a-NiMoO4.
Lattices parameters of a-NiMoO4 sprayed thin films.

The present work
The present work
[13]
[14]
ICSD no. 98-008-1059

Rietveld refinement
Direct calculation

where k = 0.9 is the Scherrer constant, k is the X-ray
wavelength and b is the half-height width (FWHM). The
mean crystal size values are given in table 2.
Both the dislocation density (d) and the microstrain (e) of
NiMoO4 can be estimated from the following relation [17].
b
4 tan h
1
d¼ 2
D

e¼

128

ð5Þ
ð6Þ

where b is the width at half height and D the average size of
the crystals.
The mean crystal size, dislocation density (d) and
microstrain (e) values are gathered, respectively, in table 3.

a (Å)

b (Å)

c (Å)

b ()

9.59
9.60
9.60
9.53
9.56

8.75
8.77
8.76
8.73
8.73

7.64
7.66
7.66
7.65
7.64

114.05
114.11
114.24
113.60
114.22

The averages of crystallite size hDi, microstrain hei and
dislocation density hdi can be deduced by using Williamson
and Hall relations [16,17]:
P
8
TCðhklÞ  DðhklÞ
>
>
P
hDi ¼
ð7Þ
>
>
>
TCðhklÞ
>
>
P
>
<
TCðhklÞ  nðhklÞ
P
hei ¼
ð8Þ
>
TCðhklÞ
>
>
P
>
>
>
TCðhklÞ  dðhklÞ
>
>
P
hdi
¼
ð9Þ
:
TCðhklÞ
The calculated values of these structural parameters are
hDi = 27.93 nm, hei = 0.2510–4 and hdi = 15.001014 lines
m–2.
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Calculated texture coefficient values of a-NiMoO4.

Table 4.

Raman vibration modes of NiMoO4.

2h ()

hkl

TC

Raman shift (cm–1)

14.29
23.96
25.46
28.80
32.77
38.87
41.19
43.82
47.51
53.29
56.71
57.85
62.03
67.06

ð110Þ
ð021Þ

ð112Þ
ð220Þ
ð022Þ

ð132Þ
ð400Þ
ð330Þ

ð204Þ
ð150Þ
ð024Þ

ð152Þ

ð352Þ
ð134Þ

1.57
1.34
0.92
1.02
0.66
0.58
0.77
0.72
1.16
1.58
0.84
1.11
0.82
0.85

252
386
707
912
960

Table 3. Crystal size D, dislocation density d and microstrain e
values of NiMoO4 sprayed thin film.
(hkl)

D (nm)

e (10-4)

d (1014 lines m–2)

ð110Þ
ð021Þ

ð112Þ
ð220Þ
ð022Þ

ð132Þ
ð400Þ
ð330Þ

ð204Þ
ð150Þ
ð024Þ

ð152Þ

ð352Þ
ð134Þ

33.72
22.43
34.27
34.51
22.87
23.26
35.70
28.54
36.52
18.32
24.96
30.91
26.06
19.65

0.55
0.16
0.46
0.40
0.35
0.19
0.09
0.26
0.23
0.20
0.06
0.25
0.06
0.05

8.79
19.87
8.51
8.39
19.11
18.48
7.84
12.27
7.49
29.79
16.05
10.46
14.72
25.89

From the obtained results, such as the dislocation and the
microstrain, it is revealed that the crystal structure of
NiMoO4 sprayed thin films shows defects, which are
probably due to the effect of temperature during synthesis
process. These conditions may be able to cause some oxygen deficiencies that reinforce the defaults in the structure.
This result may be of interest for a possibility of using this
material in various electronic and optoelectronic
applications.
In comparison with other studies on metal oxides thin
films prepared under the same spraying conditions
[12,16,17], it is clear that the dislocation density in this
material appears low, indicating good crystallite growth.
Similarly, the absence of secondary phases confirms the
optimal character of the deposition conditions mentioned
above.

3.2

(2021) 44:128

FWHM (cm–1)

Vibration mode

72
50
23
15
13

Ag (symétrie)
Ag (symétrie)
Ag (symétrie)
Bg (antisymétrie)
Ag (symétrie)

Raman spectroscopy analysis

From the XRD result, the thin layer of NiMoO4 crystallizes
into a monoclinic structure corresponding to the C2/m space
group belonging to C2h point group. For this monoclinic
phase belonging to C2h space group symmetry, the NiMoO4
unit cell contains 4 molybdenum atoms, 4 nickel atoms and
16 oxygen atoms. This property is expressed in terms of
displacement of the atoms by 72 eigen-modes in the centre
of the Brillouin zone including 3 acoustic modes and 69
optical modes.
In the general case, the irreducible representation can be
given by a linear combination of the mechanical
representation:
M ¼ 19Ag þ 15Au þ 17Bg þ 21Bu

ð7Þ

where
Cacoustic ¼ Au þ 2Bu

ð8Þ

and
Coptic ¼ 19Ag þ 14Au þ 17Bg þ 19Bu

ð9Þ

are acoustic and optic modes, respectively with 19Ag?17Bg
are corresponding to the active Raman modes, and
14Au?19Bu are the active IR modes. The active Raman
modes related to Wyckoff’s positions are listed in table 4.
The Raman spectrum (figure 2) of NiMoO4 shows intense
peaks located at 960, 912 and 707 cm–1 corresponding to
the symmetric and anti-symmetric vibration modes (Ag and
Bg) related to Mo = O and the symmetric stretch mode (Ag)
of Mo–O–Ni [18].
Likewise, the low-intensity peaks of 386 and 252 cm–1
refer to the symmetric vibration modes of Mo–O and
Mo–O–Mo, respectively [13,19,20].

3.3

SEM analysis

The surface morphology of the NiMoO4 thin film is
obtained by SEM. Figure 3a shows the SEM image of the
prepared films.
This micrograph shows the presence of microspherical
shapes surrounded by textures like petals (figure 3b).
This effect is probably related to a poly-dispersed growth
of crystallites leading to the formation of quasi-punctual
aggregates with multi-orientations.
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the atomic concentrations ratios relatively to the oxygen
concentration are given in table 5.
According to this study, it was found that the prepared
films are not perfectly stoichiometric. Indeed, the concentrations of nickel and molybdenum elements are not identical and that these two concentrations are lower than in the
ideal case (0.25), which indicates an excess of oxygen. This
suggests that either there is an excess of oxygen in the
prepared NiMoO4 matrix or that oxygen exists under the O2
form in the pores of the thin films.

3.4

Figure 2.

Raman spectrum of NiMoO4.

Complementary to these SEM observations, a high resolution was performed. Figure 4a shows that the surfaces of
the deposited samples are in the form of nanoflowers like
Globe thistle flowers. These nanoflowers are surrounded by
an alternation of bright and dark zones that behave like
crumpled nanoflowers. Due to their thin and open edges,
these deposit NiMoO4 nanoflowers can be considered as a
good candidate for various important applications, such as
heterogeneous catalysis, biosensors and optoelectronic
devices.
The dispersion spectrum of the X-ray energy (figure 4b)
shows that the bright parts are rich in Ni and Mo metals.
Other peaks related to the elements Mg, Ca, C, K and Na
were also observed in this analysis. These peaks are related
to ordinary glass, which is used as a substrate in this
preparation.
By means of this EDX analysis, the chemical composition of the deposited thin films was deduced. The values of

Figure 3.

Optical properties

The optical properties of the NiMoO4 thin film are obtained
from the analysis of the transmittance and reflectance
spectra (figure 5a) in the wavelength range of 300–1800 nm.
These measurements show that the prepared thin film
appears to be semi-transparent in the visible and infrared
range (T\60%) and the reflectance ranges between 12% and
20%.
The absorption coefficient of NiMoO4 film is calculated
from the optical transmittance using the following relation
[21].
!
1
ð1  RÞ2
a ¼ ln
ð10Þ
d
T
where d = 0.5 lm is the thickness of the prepared film.
For a direct transition, the absorption coefficient and gap
energy are related by the following relationship [17,22].
ðahmÞ2 ¼ Aðhm  Eg Þ

ð11Þ

with Eg represents the gap energy, hm is the energy of
photons and A is a constant. The plotting of the curve (ahm)2
as a function of the photon energy hm allows us to determine

(a) 2D and (b) 3D SEM surface topography of NiMoO4 thin film.
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Figure 4.
film.
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(a) Nanoflower behaviours like globe thistle flower in NiMoO4 sprayed thin film, and (b) EDX result of the NiMoO4 thin

Table 5. Atomic concentrations ratios relatively to oxygen
concentration in NiMoO4 sprayed thin film.

½Ni
½O
½Mo
½O
½O
½O

(2021) 44:128

Prepared thin film

Ideal NiMoO4 material

0.23

0.25

0.22

0.25

1.00

1

the gap energy Eg (figure 5b). The intercept of the curve
with the energy axis allows us to obtain the value of the
optical gap energy.
Using the same method of elaboration, Pandey et al [10]
found that for a direct transition, the gap energy Eg = 2.30
eV. Also, Thanh Truc et al [23] found a gap energy value in
the order of 2.45 eV. As a result, this value is low compared
to the one obtained in our study Eg = 3.12 eV. This difference in Eg values may be related to the difference in the
crystalline potentials of a-NiMoO4 monoclinic phase and bNiMoO4 triclinic one. Indeed, in their work Pandey et al
[10] prepared NiMoO4 thin film at 350 spray temperature
and founded that their prepared film crystallizes in a triclinic structure.
In addition, from the variation of the absorption coefficient, the disorder in the crystal structure can be deduced.
Indeed, the absorption coefficient is linked to the disorder
by the following expression [12,24]:
 
hm
a ¼ a0 exp
ð12Þ
EU
where EU is the width of the tail of the band or Urbach
energy, a0 is a constant. The value of EU is calculated from
the slope inverse of the curve ln(a) as a function of hm
(figure 5c). The deduced value of Urbach energy is EU =
633.

This high value of Urbach energy may be due to the
presence of impurities in the material and structural defects.
The refractive index and extinction coefficient are among
the important parameters in the optical characterization of
the NiMoO4 layer. The dispersive properties of the synthesized layer can be determined through these two
parameters.
From the result obtained from the absorption coefficient
a, the extinction coefficient can be calculated according to
the following relation.
k¼

ak
4p

ð13Þ

Figure 6a shows the variation of the extinction index in a
wavelength range between 300 and 1800 nm. From the
obtained result, it can be seen that the extinction coefficient
decreases until it reaches a minimum value corresponding
to lengths 400–600 nm. In the infrared range, this coefficient progressively increases. This behaviour is probably
related to a free carrier. Indeed, according to studies conducted by Yang et al [2], NiMoO4 is a native p-type
material.
The calculation of the refractive index (figure 6b) is done
by using the following relation [25]:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þR
4R
þ
n¼
ð14Þ
 k2
1R
ð1  RÞ2
where R is the reflectance, n the refractive index and k the
extinction coefficient of the NiMoO4 thin film.
Regarding the variation of both extinction coefficient and
refractive index, it is noted that the extinction coefficient
decreases with the wavelength. Low values of this parameter were obtained in visible range, which explains the high
transparency of these prepared layers and the possibility of
using them as optical windows. On the other hand, the
refractive index decreases hyperbolically with the wavelength. This variation shows a normal dispersion in the
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Figure 5. (a) Transmission and reflectance spectra, (b) plot of (ahm)2 vs. photon energy of NiMoO4 and
(c) plot of ln(a) vs. hm slope of NiMoO4 thin film.

Figure 6.

Variation of extinction coefficient (a) and refractive index as a function of k.

visible range. It is also found that the extinction coefficient
increases slightly with the wavelength in the infrared range.
This phenomenon is probably rerated to the free charge
excess in the prepared film [21,26].

3.5

PL measurement

Owing to the high dislocation densities in all orientations that suggest the presence of some defects, the

performance is very different from that of the ideal
material. In order to study these defects, room temperature PL was performed using 270 nm as the excitation
wavelength. Figure 7a shows the PL spectrum of
NiMoO4 prepared films. The PL spectrum of
the NiMoO4 sprayed thin films shows a broad band
covering a large part of the visible spectrum with a
maximum situated at 416 nm (blue emission). A minimum wavelength emission located at 401 nm related to
band-to-band transition.
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Figure 7. PL spectrum with (a) Gaussian deconvolution, (b) schematic diagram of the photoluminescence
mechanism and (c) power light distribution of PL emission of NiMoO4 thin film.

Table 6.
Peak order
P1
P2
P3
P4
P5
P6
P7

Summary of both photon energy and intensity of PL emissions.
Centre (nm)

Energy (eV)

Area (A.U)

Width (nm)

Height (A.U)

401
416
439
468
485.5
530
560.3

3.09
2.98
2.82
2.64
2.55
2.33
2.21

937.23
2100.91
2781.66
1718.01
1043.03
1580.66
3898.36

12.84
23.652
36.905
8.0414
31.216
36.574
90.394

57.15
83.6
75.2
57.3
33.4
22
17

This large and non-symmetric PL profile with many
emission peaks suggests an emission mechanism characterized by the participation of several energy levels or
light emission centres able to trap electrons within the
bandgap. For a better understanding the PL properties and
its dependency on the structural order–disorder of the
lattice, the PL curves were analysed. The deconvolution
results show that the PL spectrum was better adjusted by
seven emission peaks centred, respectively, at P1 = 401,
P2 = 416, P3 = 439, P4 = 468, P5 = 485.5, P6 = 530 and P7
= 560.3 nm.
Table 6 summarizes both photon energy and intensity of
these PL emissions.

From this deconvolution, it is found that in addition to the
band-to-band transition, the other emissions correspond to
impurity levels. As a result, the PL mechanism in this
ternary compound can be described by the schematic diagram shown in figure 7b.
From this study, a representative diagram of the distribution of emissions was deduced (figure 7c). It is found that
the contribution of the band-to-band emission is low
(&7%), which shows the presence of a high defect density
that is consistent with structural study and that the deposited
films are not perfectly stoichiometric. Subsequently, this
material is natively doped, which is consistent with the
result obtained by Yang et al [2].
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Conclusion

In summary, this study addresses the issues of the synthesis
protocol of nanoflowered NiMoO4 thin films by a simple
and cost-effective spray pyrolysis process. This ternary
oxide crystallized in the monoclinic phase belonging to the
C2/m space group. Optical bandgap deduced from optical
transmission and reflectance measurements is in the order of
3.12 eV. On the other hand, Raman vibration spectroscopy
confirms the presence of NiMoO4 unique monoclinic phase,
particularly the absence of any secondary phase, such as
nickel oxide or molybdenum oxides. The PL emission
spectrum shows the existence of the violet around 401 nm,
corresponding to the band–band transition of NiMoO4
material and others related to both structural and stoichiometric defects.
In addition, a marked advantage is the successful
preparation of thin films with a surface composed of
nanoflowers using a simple technique.
This study seems so interesting since a low-cost chemical
method has been used to prepare such ternary oxide. Further
studies are planned to test such thin films in photocatalysis, gas
sensors and biosensors, as well as magneto-optic properties.
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