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Abstract. This study concerns the preparation of sprayed binary molybdenum oxide, MoO3, thin films and ternary and
quaternary derivatives by alloying. The characterization of their physical properties was carried out by X-ray diffraction,
Raman spectroscopy, scanning electron microscopy, spectrophotometry and impedancemetry. It appears from the electrical study that the great value of resistance R corresponds to the NiMoO4 thin films. The equivalent ac circuit of these
films is composed by a parallel resistor R and capacitor C connected together. This work also focused on the photocatalysis process applied to the studied samples. Under solar irradiation, the photocatalytic application was tested in terms
of the degradation reaction of wastewater containing methylene blue. Under similar experimental conditions, the NiMoO4
thin film shows a higher rate of degradation than the other thin layers.
Keywords. Binary; ternary and quaternary oxide thin films; spray pyrolysis; physical properties; photocatalytic
application.

1.

Introduction

Heterogeneous photocatalysis is a promising and efficient
method for removing organic contaminants from aquatic
environments. Indeed, the lack of drinking water has been a
geopolitical problem and an environmental issue in our
societies for almost a century. However, efficient, economical, easy-to-implement and heterogeneous photocatalysis seems to impose itself as the optimal solution. Relying
on the absorption of solar energy (natural resource accessible to all) by a semiconductor, it generates the transfer of
an electron from its valence band to its conduction band,
which induces reactions of redox to degrade adsorbed
pollutants.
Since it is a promising environmental and cost-effective
tool for the treatment of polluted groundwater and wastewater, photocatalytic oxidation of organic compounds in the
presence of semiconductors has attracted a lot of attention.
The photocatalysis mechanism is mostly dependent on the
energy of the electron-hole pairs and the degree of their
separation, and molybdenum oxide doping is one of the most
powerful methods used to delay the recombination of electron-hole pairs. Ternary metal oxides are a fascinating category of inorganic-functional compounds that have chemical

and physical properties, which are different from binary
oxides. These oxides are suitable for a wide range of
sensor [1–3], lithium ion battery applications [4,5] and
photocatalytic properties [6–8]. Because of their photocatalytic, photoluminescent, electrochemical and magnetic
properties, molybdates have received a lot of attention.
These materials, which were synthesized by the spray
pyrolysis method, show an optimal optical bandgap and
good photocatalytic application. It has also been demonstrated by other groups that the morphology and crystallinity of these films are favorable to the photovoltaic
properties of devices.
In this study, Fe2(MoO4)3, Co0.7Fe0.3(MoO4) and
NiMoO4 thin films prepared on glass substrate by the spray
pyrolysis method have been successfully synthesized. We
used X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, spectrophotometry, impedencemetry
and photocatalytic characteristics to study some of the
features of these films, such as the structural, morphological, optical and electrical properties. In our previous article
[9], molybdenum trioxide thin films degrade faster than
tungsten trioxide, WO3, thin films, according to our findings. So, in this study, we have attempted to improve the
rate of degradation of the MoO3 alloy with nickel
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(NiMoO4), cobalt (Co0,7Fe0,3(MoO4) [10]) and iron
(Fe2(MoO4)3 [11]), with an equal alloy concentration at
50%.
2.
2.1
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(a)

Experimental
Films preparation

The binary MoO3 thin films were deposited onto preheated
glass substrates maintained at 460°C by the chemical spray
technique, under optimized conditions using 0.01 M aqueous solution of ammonium molybdate tetrahydrate
[(NH4)6Mo7O24(4H2O)]. Cobalt (II) chloride hexahydrate
[CoCl2(6H2O)] [10], iron (III) chloride hexahydrate
[FeCl3(6H2O)] [11] and hydrated nickel chloride hexahydrate [NiCl2(6H2O)] were used as sources of cobalt, iron
and nickel, respectively. The ternary and quaternary thin
films were prepared using an equimolar 1:1 mixture of three
precursor solutions dissolved in water. A 0.5-mm-diameter
nozzle is used to spray the collected precursor solution at a
rate of 14 ml min-1. The distance between the nozzle and
the substrate plane was set to the optimum value of 27 cm.

2T (°)

(b)

2T (°)

2.2

Characterization techniques

In order to examine the structural quality of the produced
thin films, we used X-ray diffraction with CuK monochromatic radiation (k =1.5418 Å). Besides, the obtained thin
films are also characterized by Raman spectroscopy. With
He-Ne 632.8 nm and He-Cd 325 nm excitations, Raman
spectroscopy was registered using a HORIBA Jobin yvon
spectrometer Raman LABRAM HR. A JOEL-JSM 5400
model scanning electron microscope (SEM) was employed
to analyse the morphology of thin films. A Shimadzu UV
3100 double-beam spectrophotometer was used for the
optical measurements, which covered the wavelength range
of 300 to 1800 nm. Using an impedancemeter, impedance
measurements of films were taken in the frequency range 5
Hz–13 MHz at varied temperatures (593–773 K) (HewlettPackard 4192 analyzer). Finally, the photocatalytic activity
of MoO3, ternary (Fe2(MoO4)3), (NiMoO4) and quaternary
(Co0.7Fe0.3(MoO4)) thin films was estimated by analysing
the decomposition rate of methylene blue (MB) aqueous
solution under solar light irradiation.
3.

Results and discussion

3.1

Structural properties

3.1a X-ray diffraction: The structural crystallinity of
fabricated thin films was investigated by XRD analysis,
over a 2h scanning mode ranging from 0° to 70° diffraction
angle. Figure 1 illustrates the XRD analysis of MoO3,
Co0.7Fe0.3(MoO4), Fe2(MoO4)3 and NiMoO4 thin films. The

(c)

2T (°)

(d)

2T (°)

Figure 1. X-ray diffractogram of (a) MoO3, (b) Fe2(MoO4)3,
(c) Co0.7Fe0.3(MoO4) and (d) NiMoO4 sprayed thin films.

pattern of the XRD of MoO3 shows the crystalline structure
of a-MoO3 orthorhombic structure (figure 1a), which
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Crystallite size of MoO3, NiMoO4, Co0.7Fe0.3(MoO4) and Fe2(MoO4)3 thin films.

Crystallite size, D (nm)

MoO3

NiMoO4

Co0.7Fe0.3(MoO4)

Fe2(MoO4)3

64.5

68.3

53

39.2

Figure 2. SEM surface micrographs of (a) MoO3, (b) Fe2(MoO4)3, (c) Co0.7Fe0.3(MoO4) and (d) NiMoO4 thin films at a
magnification of 92,000.

corresponds to the Joint Committee on Powder Diffraction
Standards data (JCPDS no. 03-65-2421). The layer exhibits
sharp peaks at 12.8, 23.38, 25.8, 27.4 and 39° corresponding
to the main orientations (200), (101), (400), (210) and (600),
respectively. The configuration of the different lines without
background noise indicates that the sprayed a-MoO3 layer
is indeed crystallized according to the preferential
orientation (400) along the a-axis. It can also be seen that
by comparison with the powder diagram (JCPDS no.
03-065-2421), the main orientations (200) and (600) of
the a-axis are also favoured to the detriment of the direction
(210), which naturally presents the maximum probability of
appearance. In addition, figure 1b presents the XRD
analysis of Fe2(MoO4)3. In this situation, with no other
impurities, all peaks may be properly indexed to the
monoclinic structure, indicating that Fe2(MoO4)3 has a good
phase purity (JCPDS card no. 83-1701)) [11]. The
crystalline nature of Co0.7Fe0.3(MoO4) thin films with

monoclinic phase (JCPDS card no. 89-6590) [10] is shown
in figure 1c. Finally, the spectra in figure 1d show the XRD
patterns of the grown NiMoO4, for which all peaks are
indexed based on the JCPDS data card no. 86-0361 [8]. XRD
patterns show clear and visible diffraction peaks located at
12.71, 24.02, 25.4, 27.9, 33.27, 35.46, 38.84, 45.86 and at
49.41. These peaks correspond to (110), (-202), (-221),
(220), (-203), (-113), (040), (-204), (241) and (024)
planes, respectively, which confirm the monoclinic crystal
structure of NiMoO4 with C2/m space group.
As these observations show, the alloying of 50% MoO3
by metallic elements such as cobalt, iron and nickel leads to
a change of the orthorhombic structure to a monoclinic
structure. This transition can be explained by the fact that
these two systems admit the structure with two-centred
faces: there is an atomic pattern at the centre of two
opposite faces such that the two patterns are shared between
two parallelepipeds.

260

Page 4 of 10

Bull. Mater. Sci.

(2021) 44:260

Figure 3. SEM surface micrographs of (a) MoO3, (b) Fe2(MoO4)3, (c) Co0.7Fe0.3(MoO4) and (d) NiMoO4 thin films at a
magnification of 910,000.

The Scherrer relation is also used to calculate the average
crystallite size D using XRD patterns [12,13]:
D¼

kk
;
b cosðhÞ

ð1Þ

where k ¼ 0:9 is the Scherrer constant, k the X-ray wavelength, b the size contribution to the full-width at halfmaximum (FWHM) of the reflection. The crystallite sizes of
all thin films are shown in table 1. From these calculated
values, it can be seen that the crystallite sizes for NiMoO3
are larger than the other thin films.
3.1b Morphological study: The study of MoO3 thin films
by SEM shows a surface disturbed by microcrystallites
clusters and provided with cracks (figure 2a). These
disturbances are probably due to an irregular spray process.
As shown in figure 2b, this surface topography is enhanced by
incorporating an iron element. Indeed, it can be seen on this
image that the sample of Fe2(MoO4)3 is continuous, fairly
homogeneous and with little surface roughness. Likewise, the
incorporation of the two elements Co and Fe together in the

oxide MoO4 still gives a continuous surface of
Co0.7Fe0.3(MoO4) with randomly small spherical grains
(figure 2c). Finally, figure 2d indicates that the alloy of
NiMoO4 has a continuous surface, but the density of the
disturbances increases. The morphology results concerning
the Co0.7Fe0.3(MoO4) are consistent with the structural
analysis performed using XRD, which showed a fine line
width and low background noise.
On the other hand, as shown by the micrographs in
figure 3, it is observed that the surface microcrystallites are
of various shapes depending on the alloy. The iron is the
least disturbed (figure 3b), while the microcrytallites are
surmounted by smooth nanocrystallites in the case of Co
(figure 3c) on the other hand, they are thorny in the case of
Ni (figure 3d).

3.2

Raman’s measurements

The Raman spectra of MoO3, Fe2(MoO4)3, NiMoO4 and
Co0.7Fe0.3(MoO4) thin films are shown in figure 4. From the

Bull. Mater. Sci.

Figure 4.

(2021) 44:260

Page 5 of 10

260

(a)

(b)

(c)

(d)

The Raman spectra of MoO3, Fe2(MoO4)3, Co0.7Fe0.3(MoO4) and NiMoO4 thin films.

Figure 6. Variation of the absorption as a function of the light
energy of sprayed MoO3 and NiMoO4 thin films.
Figure 5. Absorption spectra of sprayed MoO3, Fe2(MoO4)3,
NiMoO4 and Co0.7Fe0.3(MoO4) thin films.

Raman figure of MoO3 thin film (figure 4a), three sharp
peaks are clearly seen. The first peak is at 670 cm-1. It
belongs to the triply coordinated oxygen (Mo3-O) stretching mode, which is caused by three octahedral edge-shared

oxygen. The doubly coordinated oxygen (Mo2-O) stretch
mode, which occurs from corner-shared oxygen in common
to two octahedral, is assigned to the second peak at 820
cm-1, which is the most intense peak matching to the major
mode typical of the MoO3. Finally, the peak at 998 cm-1 is
attributed to the terminal oxygen (Mo6? = O) stretching
mode, which occurs when oxygen is not shared [14,15]. The
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Table 2.

MoO3

NiMoO4

Fe2(MoO4)3

Co0.7Fe0.3(MoO4)

3.9

3.54

2.04

1.77

Complex impedance spectra (Z00 vs. Z0 ) of MoO3 and NiMoO4 sprayed thin films at different temperatures.

Raman spectra of Fe2(MoO4)3 is shown in figure 4b, the
spectra present three bands at 351, 783 and 976 cm-1 [16].
The Raman’s spectroscopy of Co0.7Fe0.3(MoO4) thin film is
shown in figure 4c. The presented peaks at 339, 374, 484,
527, 695, 822, 939 and 953 cm-1 confirm the monoclinic
structure (interpreted in a previous work) [10]. Characteristic peaks of NiMoO4 can be seen from figure 4d, with a
strong peak at 821 cm-1, a low peak at 709 cm-1, and
several weak peaks at 667, 914, 963 and 996 cm-1. The
bending vibrations of the Mo-O-Mo bond and the
stretching vibrations of the Mo-O group are shown by the
peaks at 914, 963 and 996 [17]. The symmetrical
stretching vibrations of the terminal Ni-O-Mo bond, the
deformation vibrations of the terminal Mo-O-Mo bond,
and the bending vibrations of the terminal Mo-O bond are
responsible for the observed peak at 704 and 667 cm-1,
respectively [18].
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Bandgap of MoO3, Fe2(MoO4)3, NiMoO4 and Co0.7Fe0.3(MoO4) thin films.

Bandgap, Eg (eV)

Figure 7.
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Spectrophotometry

Figure 5 shows the absorption spectra AðkÞ of all sprayed
thin films molybdate oxides. First of all, we notice that, for
the iron-based alloy Fe2(MoO4)3, the optical absorption
extends to visible radiations. As for the remaining compounds, the absorption occurs only for lower radiations such
as in the case of most oxides. The introduction of the
element iron into the oxide matrix results in a thin film
Fe2(MoO4)3 with an intermediate optical absorption edge,
which in all most likely has an n-type semiconductor

character. This is consistent with our previous work on the
conduction type of the compound [11].
In addition, we determined the variation of the absorption
coefficient aðkÞ of the different thin films from the transmittance TðkÞ and reflectance RðkÞ measurements using the
approximate formula [19]:
!
1
ð1  RðkÞÞ2
ð2Þ
aðkÞ ¼ ln
d
TðkÞ
where d is the thickness of the thin film determined by a
cross-section image of SEM [11]. Similarly, knowledge of
the spectrum of the absorption coefficient allows us to
achieve the values of the bandgap of the layers studied
according to the relationship of Tauc [19]:


ðahmÞ2 ¼ B hm  Eg ;
ð3Þ
where B is a constant, hm the photon energy and Eg the
optical bandgap energy.
In this study, we contented ourselves with presenting the
calculation results of the variation of ðahmÞ2 vs. hm only for
the MoO3 and Ni(MoO4) films (figure 6). In both cases,
the plot indicates that we have an optical behaviour of
direct transitions. From the intersection of the linear part
of these variations with the x-axis, we deducted the
bandgap values that we have summarized in table 2. The
values of the Co0.7Fe0.3(MoO4) and Fe(MnO4)3 gaps (Eg =
2.04 and 1.77 eV) are of the same order of magnitude as
those obtained in our previous work (Eg = 2 and 1.77 eV
[10,11]).
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The variation of the capacitance of sprayed thin films at different temperatures.

Impedance spectroscopy analysis

The Nyquist plots for MoO3 and NiMoO4 thin films with
working temperature are displayed in figure 7. Semicircular
arcs, whose radius decreases with increasing temperature,
may be seen in plots produced between imaginary Z00 and
real parts Z0 of the impedance.
We were able to calculate the equivalent ac circuit of this
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. The
contribution of the grain boundaries designating the
oriented columnar microcrystallites along the a-axis is
represented by this parallel circuit R–C [20]. The following
are the experimental values for the parameters stated above:
the capacitance was calculated using the related frequency
at the curve’s maximum data point Z00 max on the real axis
(figure 8), the value of resistance R was determined by the
second intercept (figure 9).
As demonstrated in figure 9, the R-value decreased
dramatically with temperature due to an improvement in the
conductivity of the layer [20]. Figure 10 shows that the

Nyquist plots were compared for MoO3, Fe2(MoO4)3,
NiMoO4 and Co0.7Fe0.3(MoO4) thin films at the same
temperature T = 753 K. It is clear that the great value of
R corresponds to the NiMoO4 thin films.
Figure 11 shows the Cole–Cole plots of imaginary part Z00
vs. frequency for these films at various working temperatures.
The imaginary portion Z00 continues to rise with frequency,
reaching a maximum peak Z00 max at the relaxation frequency
xm . Then, as the temperature rises, it starts to decrease. In
addition, when the temperature rises and Z00 max values
decrease, the relaxation peak transfers to higher frequencies.
In reality, the well-known Arrhenius law yields to the
angular relaxation frequency [20]:
Ea

x m ¼ x 0 eK B T ;

ð4Þ

where x0 is a constant and Ea is the thermal activation energy
of the carriers charge. The difference between the trap level
and the conduction band is represented by Ea in this situation.
As shown in figure 12, the expression of lnðxm Þ ¼ f ð1000
T Þ
leads a linear function, in good agreement with expression of
equation (4). The calculated values of the activation energy
show a slight increase for the NiMoO4 thin film.

260

Page 8 of 10

Figure 9.

(2021) 44:260

The variation of the parallel resistance of sprayed thin films at different temperatures.

Figure 10. Experimental complex impedance spectra of thin
films at T = 753 K.

3.5
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Photocatalytic studies

The different sprayed thin films are tested for photocatalytic
activity towards degradation of MB dye under solar light
irradiation. Figure 13 shows the absorption AMB of the MB
solution due to the photodegradation at the same reaction
time 1 h under solar lights irradiation for all samples. The

reduction in the UV–visible absorption spectra was used to
monitor the photodegradation of the MB (with a maximum
intensity at kmax ¼ 669 nm) of the pollutant. It is clearly
seen that Fe2(MoO4)3 and Co0.7Fe0.3(MoO4) have no effect
on MB aqueous solutions. Moreover, MoO3 thin films have
a poor effect against the photodegradation of the MB
solution. In contrast, using NiMoO4 thin films showed
higher reactivity with MB. Indeed, the intensity of the
absorption peak decreases significantly. As a result of the
photocatalytic action, the solution became decolourized.
The basic principle of solid photocatalysis involves photogenerated electrons (e-: reduction site in conduction band) and
holes (h?: oxidation site in the valence band) migrating to the
surface and serving as redox sources that react with adsorbed
reactants, leading to the destruction of pollutants. In fact, the h?
holes then react with electron donors, such as water, the OHanions and organic products adsorbed on the surface of the
materials. On the other hand, the e- electrons react with
electron acceptors such as oxygen molecules.
In our case, the high degradation of NiMoO4 thin films
can be discussed initially based on intrinsic structure and
potential lattice faults. The significantly deformed Ni(1) and
Ni(2) sites, as well as (Ni,Mo)O6 octahedra that are
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Frequency dependence of Z00 at different temperatures of thin films.

Figure 12. Temperature dependence of relaxation frequency for
Z00 of thin films.

extended alone on the b-axis, are a major characteristic of
the NiMoO4 framework. This polarization moment could
make the photoexcited electron-hole pairs be effectively
delocalized in the photocatalytic activity [21].
In addition, as we have observed before (figure 3d), these
results may also be related to the morphology of the

Figure 13. The absorption AMB of the MB solution due to the
photodegradation of the MB solution at the same reaction time 1 h,
under solar lights irradiation for all samples.

perturbed surface of NiMoO4 thin films compared to the
other layers. It seems that the existence of textured surface
clusters is a crucial factor in the dynamics of the photocatalysis process. The morphology of these disturbances is
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supposed to increase the surface area of the solid photocatalyst and, thereby, increase the amount of substrate adsorbed
on the surface along with the rate of degradation. We can also
say that the improvement of the photocatalytic activity is
dependent on the grain size, which is larger in the case of the
Ni(MoO4) alloy (table 1). This morphology makes it possible
to minimize the phenomenon of recombination of the photogenerated carriers (electron-hole pairs), migrating to the
surface. And this is how the reaction with the adsorbed
reagents in the photocatalysis process is partly accelerated.
4.

Conclusion

In this study, we have produced molybdenum oxide thin films
on glass substrates at 460°C, using suitable aqueous solutions
utilizing a costless and easy spray pyrolysis approach. MoO3
films formed in an orthorhombic form, according to XRD
analysis, with preferential a-axis orientation along (400)
direction. The MoO3 alloy with metallic elements such as
iron, cobalt and nickel transforms the orthorhombic structure
into a monoclinic one. This process also improves the morphology of the molybdenum oxides. The spectrophotometry
investigation, on the other hand, revealed that the deposited
oxides coatings have a reasonably high absorption coefficient
and a direct transition gap. In particular, the molybdate oxide
Fe2(MoO4)3 can play the role of a good optical window in
photovoltaic devices. The results obtained by impedance
measurements of sprayed molybdate oxide thin films are
discussed in terms of an incorporated transition element.
These findings are consistent with those obtained by XRD,
particularly in terms of the type of structure. Finally, the
analysis by photocatalytic activity under solar light irradiation showed interesting properties of the NiMoO4 alloy in
eliminating polluting residues.
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