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Abstract
The NiMO4 (M=Mo and W) samples have been synthesized with solid-state reaction method at
high temperature. The structural, optical, and electrical transport properties were investigated.
X-ray diffraction data refined via Rietveld method showed the monoclinic system for these
compounds. The UV/Vis optical spectra indicates that the direct gap energy values are 2.72 eV
for NiMoOs and 2.81 eV for NiWOs compounds which can be promising candidates for
semiconductors applications. These materials were characterized by impedance spectroscopy
technique measured in the 1 — 10° Hz frequency and 398 - 533K temperatures range. The AC
conductivity was analyzed using the Jonscher power law, which showed that the conduction
mechanisms are well described by the non-overlapping small polaron-tunneling model (NSPT)
in phase | and the correlated barrier-hopping model (CBH) in phases Il for the Mo-based
compound. Moreover, the overlapping-large polaron tunneling (OLPT) model for NiWO4
compound. The conduction mechanism was interpreted with the help of Elliot’s theory, and the
Elliot’s parameters were determined. The comparative study of the two titled compounds shows
better properties for the Mo-based compounds.

Keyword: Crystal structure, Phase transition, Optic, Electric properties, conduction

mechanism.

Introduction
The tungsten (W) and molybdenum (Mo) involved in materials such as oxides, nitrides, and
oxysalts also have received much attention, due to their remarkable record of widespread

applications in various fields of materials science, such as photocatalysis, phosphors, light-



emitting diodes, optical fibers, humidity sensors, scintillators, and magnetic properties’.
Moreover, they have been proven to be feasible for electrochemical energy storage due to their
high specific capacity, low working voltage, abundant reserves, and environmental friendliness
5. Among them, cobalt tungstate (CoWOs4) and nickel tungstate (NiWO4) have been researched
as promising replacements for catalysis®, dielectric ceramics’, oxygen-evolving electro-
catalysts®, and supercapacitors °*1. The crystalline structures of materials based on tungstates
or molybdates are of the scheelite type with the tetragonal space group or of the wolframite
type with the monoclinic space group. For the scheelite structure, each tungsten atom is
surrounded by four oxygen atoms, whereas in the wolframite structure, every tungsten is
surrounded by six oxygen atoms!2. Also, the use of molybdenum instead of tungsten can
influence the type of structure and consequently the optical and electrical properties. In this
context, in the present work, we report on the correlation among the structural, optical, and
electrical properties of the NiMoO4 and NiWO4 materials and the effect of substitution tungsten

with molybdenum on the optical and electrical properties.

Experimental section

Mixed stoichiometric amounts NiO, MoO3 and WO3 were used to synthesize the NiMoO4 and
NiWO4 compounds via conventional solid state reaction method. The starting reagents were
mixed and ground thoroughly in an agate mortar. They were heated to 550 °C for 60 h to release
oxygen gas. The resulting powders were pressed into cylindrical pellets and heated at 850 °C
for 160 h.

Results and Discussions

1- X-ray diffraction analysis

The Structural refinement was carried out for the studied compound NiMO4 (M=Mo and
W) using Rietveld’s refinement program «Full Proof». The pseudo-Voigt peak profile function
was used, and the background was approximated by linear interpolation between a set of
background points with refinable heights.

X-ray diffraction patterns of the synthesized compounds are shown in Fig. 1 (a) and (b),
respectively. The small difference between the calculated/experimental patterns and the low
values of the agreement parameters confirms the successful refinement of the experimental
data. The powder pattern of NiMoOg indicates that it’s isostructural with the CoMoOQg4 structure

where is indexed based on a monoclinic system with the C2/m space group and the cell
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parameters: a=9.5111 A, b=8.7601 A, ¢c=7.6673 A, p=113.11°, V=587.56 A% and Z=8 with a
reliability factor of ¥>=4.93. The NiWOys is isostructural with the MgWO4 *° where is indexed
on a monoclinic system with the P 2/c space group. The corresponding cell parameters obtained
from the data are as follows: a=4.6013 A, b=5.6632 A, c=4.9103 A, f=90.03°, V=127.95 A3
and Z=4 with a reliability factor of ¥?>=1.05. The refined structural parameters of NiMoO4 and
NiWQO4 are summarized in Table 1

16-17 The structures of studied compounds are presented in Fig. 2(a) and Fig.2(b) for NiMoO4
and NiWOg4 respectively.

For NiMoOg4, projected on the (101) plane, the Ni and Mo ions occupy two different
crystallographic sites, while for the tungstate compound, Ni and W ions occupy a single site
which can be explain the difference in the volume. Rietveld refinement allows us to determine
atomic positions for each studied compound and illustrated in Table 2. Interatomic distances
are reported in Table 3 for both studied compounds.

The wolframite structure of these samples found that both Ni and M (M=Mo and W) atoms are
surrounded by six oxygen atoms, forming distorted octahedral. These later, NiOs and MOs
octahedral, share edges and form zigzag chains along the C axis for NiWO4 (Fig. 2(b)). In
particular, the WOe (M0Og) octahedral are highly distorted since two of the W-O distances are
much larger than the other four distances. Thes presence of three bonding pairs Ni-O and M-O
with different lengths is due to the two types of non-equivalent oxygen atoms. This result can

be affecting the electrical and optical properties.

2- Gap energy
To know the potential application of these materials in the optoelectronic field, we investigated
the optical properties of NiWO4 and NiMoOas. Fig. 3 (a, b) displays the UV/vis absorption
spectra at room temperature of NiWO4 and NiMoOs, respectively in 200-800 nm wavelength
range. Both compounds exhibit good light absorption properties in UV and visible regions. The
intense absorption peak at 350nm may be attributed to charge transfer in the WOes/ or M0Osg
matrix, while the other peaks in the visible region are due to the forbidden electronic transition
from Az to *Eq and the electronic transition from 3Axg to 1Tg, respectively?®. The type of band
gap is highly related to the optical absorption characteristics. The absorption spectra of these
compounds display peaks in the ultraviolet spectral region, suggesting a direct band gap %%,
Based on the Tauc’s relation 24, we calculated the direct gap energy by the extrapolation the
linear part of the curve to the energy axis as shown in the inset of Fig. 3. The direct gap energy
values are 2.72 eV for NiMoO4 and 2.81eV for NiWO4. This slight difference may be due to
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differences in Mo-O and W-O distances in the MoOs and WOe octahedral, where they are
smaller for the Mo-based compound. These values of Eg indicate the semiconductor character

of the synthesized samples and their potential for optoelectronic applications 2.

3- Nyquist diagrams and grain conductivity
This technique analyzes the ac response of a system, separates the real and imaginary
components of the electrical parameters, and provides a true picture of the material properties.
When impedance data of materials that have capacitive and resistive components are
represented in the Nyquist plot, they appear in the form of a succession of semicircle
representing electrical phenomena due to bulk material, grain boundary effect and interfacial
phenomena 26-%7,
The Nyquist plots of NiMoO4 and NiWOs at different temperatures are shown in Fig. 4 (a, b)
respectively. For the Mo-based compound, as shown in Fig. 4 (a), the Nyquist plot shows two
semicircular arcs correspond to the grain and gran boundary response. The centers of
semicircles that compose the total electric response are centered below of real axis (Z') which
confirms the presence of non-Debye type of relaxation in the materials. These diagrams were
successfully modeled by an equivalent circuit model (inset Fig. 4 (a)) which described the
electrical behavior of these materials.
For the W-based compound, the Nyquist plot is shown in Fig. 4 (b) which exhibits a single
semicircular arc. The absence of second semicircle in the complex impedance plots suggests
the dominance of bulk contributions. The impedance components were fitted to an equivalent
circuit, which consist of a parallel combination of resistance R1, capacitance C1, and fractal
capacity CPE1°°. To justify the choice of equivalent circuit, we present in Fig. 4 (b) the
experimental and simulated impedance spectra at different temperature in Cole—Cole
representation. For both studied compounds, we note that as the temperature increases, the
radius of the arc corresponding to the bulk resistance of the sample decreases, indicating an
activated thermal conduction mechanism and proved the semiconductor character of these
materials.
Relying on the grain resistance values obtained by modeling curves by the equivalent circuit
and the sample dimensions, the conductivity of the grain og) can be calculated using the

relationship:

o=— (1)

9 RS

where S is the electrolyte-electrode contact area and e is the thickness of the sample.
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The electrical conductivity og increases with increasing temperature, indicating an Arrhenius-
type behavior 2. To understand the conduction phenomena and calculate the activation energies
we plot in the following Fig. 5 (a) and Fig. 5 (b) the thermal evolution of the specific
conductivity [Ln(og) vs. 1000/T], for NiMoO4 and NiWO4 respectively.

A change in the slope curve around 450K for the Mo-based compound is observed which. can
be explained by the change in the conduction mechanism in this material.

Based on linear fitting, the activation energy values for the NiMoOs sample are equal to
Ea=0.12 eV and Ea = 0.17 eV at lower and higher temperatures, respectively. The activation
energy obtained for the tungstate compound, is greater than that obtained for Mo-based
compound, at about Ea=0.6 eV. These results indicate better electrical properties for the Mo-
based compound which is consistent with the obtained optical results.

Furthermore, the difference in activation energy of the titled compound can be explained by the
difference in structure and volume where the charge carriers in the Mo-based material have

more room to move.

4- AC electrical conductivity

4-1. Temperature and frequency dependence of AC conductivity
The ac conductivity oac is determined from experimental data of the real and imaginary part of

the complex impedance Z* as follows:

e z'
s 9

Ogc (@, T) =
The frequency-dependent AC conductivity plots at various temperatures are presented in Fig.6
(a) and Fig. 6 (b) for NiMoO4 and NiWQg, respectively.
It is observed that, for both studied compounds, the conductivity exhibits a dispersion pattern
at high frequencies, which shifts towards higher frequencies with increasing temperature,
attributed to the ac conductivity and characterized by ®. However, the plateau region at low
frequencies corresponds to the dc conductivity of the material.
To analyze, the spectra, they were fitted using the expression proposed by Jonsher 3

Ogc = 0gc +Aw®  (3)

where A is a constant that depends on temperature and determines the strength of polarization
and (s) is an exponent that is less than or equal to unity and represents the degree of interaction

between mobile ions and their surrounding lattices.



According to Funke 3!, if s <1, it would indicate that the hopping process involves a translational
motion with a big hop of charge carriers. Whereas, if s > 1, we deduce that the motion involved
is a localized hopping of the species with a small hop without leaving the neighborhood.

The temperature dependence of the dc conductivity plotted against the temperature in an
Arrhenius plot is shown in Fig. 7 (a) and Fig. 7 (b) for molybdate and tungsten compounds
respectively. For NiMoOs (Fig. 7 (a)) the variation of the dc conductivity with absolute
temperature shows two regions associated with two activation energies separated by a
temperature of T= 450K (Eqc(1)=0.1 eV and Eqc(I1)=0.17 eV corresponding respectively to
lower and higher temperature phases). Whereas dc conductivity of NiWO4 shows a linear
variation with the activation energy is Eq«=0.46 eV (Fig. 7 (b)). This single valued activation
energy suggests that the conduction phenomenon of the compound over the measured
temperature range is described by a single mechanism.

The obtained value presents better conduction for the molybdate compound, which can be
explained by the difference in crystal structures of the titled compounds. The conduction
phenomenon of NiMO4 (M=Mo and W) occurs through hopping of ions. the electron transfers

from one Ni?* ion to the adjacent Ni?* ion, leading to the formation of Ni®* ion 32:

Ni?t & Ni3t + e~

The difference between the values of activation energy obtained by impedance spectroscopy
and ac conductivity confirms that the transport in NiMO4 (M=Mo and W) is not due to a simple
hopping mechanism.

To determine the predominant conduction mechanism of the AC conductivity of the
investigated compounds, the variation of the exponent "s" as a function of temperature is an
adequate method to gain more insight into the origin of the conductivity from the conduction
models®. For the Mo-based compound (Fig. 8 (a)) the frequency exponent s exhibits two
distinct regions as follows: region | in which the value of s increase with the increase of
temperature that corresponds to the NSPT model, and it decreases in region Il with the increase
of temperature corresponding to the CBH model. This change of the conduction model is the
origin of the change of activation energy in the conductivity variation of the Mo based
compound. Moreover, for the tungstate compound presented in Fig. 8 (b), it seems that the
conduction is associated with the OLPT model where s decreases with increasing temperature
to a minimum value at a certain temperature, and then continues to increase with increasing

temperature.



4-2.  Theoretical investigation of non-overlapping small polaron tunneling
(NSPT) conduction mechanism of NiMoOu (region I):
In the region | of NiMo0O4 (T<470K) the NSPT seems to be the most appropriate model
describes this phase. According to the tunneling model, the frequency exponent (s) is given by

the equation3*:

4
s=1-—rvw @
()~
where W is the polaron hopping energy, ks the Boltzmann constant and 1o is a characteristic
relaxation time of the order of 1o =103 s,

In this model, the AC conductivity is given by:

o(w) = (me)? KTa w[N(Es (TP 32 (5)

with R, = [Ln (wio) — (6)
In the above equations, o is the spatial extension of the polaron (= 1 x 10 m), N (Ef) is the
density of states at the Fermi level, R, is the tunneling distance and W represents the polaron
hopping energy.
The variation of (Ln(oac)) as a function of temperature at different frequencies is given in Fig.
9, As we can see, the theoretical curves (lines) are in good agreement with the experimental
results (symbols).
The value of N(Eg) and a™* obtained by fitting are reasonable for localized states. Moreover, the
plot of the variations of the state density N (Er) versus frequency is shown in Fig. 10.
These parameters increase with frequency, which is in good agreement with the literature®.
The reasonably high values of the density of states N (EF) (~10%° eVt cm™) imply that the
hopping between pairs of sites overpowers the mechanism of charge transport in this compound.
The variation of the tunneling distance R, calculated from Eq. 6, as a function of temperature
is illustrated in Fig. 10 (inset). We observe a decrease in the value of R,, as the frequency
increases. The value of R, is about the interatomic distance which is in good agreement with
the results predicted by Eliott,

4-3. Theoretical investigation of the correlated barrier hopping (CBH)
conduction mechanism of NiMoOg4 (region 11):
Fig. 8 (a) shows the values of s where is decrease with increasing temperature for NiMoO4

(region 1I). In this model (CBH), the conduction occurs via single polaron (or bipolaron)



hopping process over the Coulomb barrier separating two defect centers. The binding energy

has been computed from the following relation 3':

6KpT

S=1- Wy —KgTLn(oto)

(7)

The value of Wwm can be calculated from the previous equation by plotting (1-s) versus
temperature as shown in the inset of Fig. 8 (a).

According to CBH model, the ac conductivity is given by3®:

Oac = %nszNps’Rﬁ) (8)

where n is the number of polarons involved in the hopping process (n = 1 for single polaron
and n = 2 for bipolaron processes), NN is proportional to the square of the concentration of
states, and ¢’ is the dielectric constant. The hopping distance for conduction (wt=1), R, IS given

as:

2

R, =

©)

mege Wy —KpTLn(1/wty)]

As shown in the inset Fig. 8 (a), the fit of the curve in region Il allows us to determine the value
of potential barrier W which was found to be 0.04eV.

The obtained W value is approximately a quarter of the activation energies (Wm=Ea/4), which
suggests that single polaron hopping is the dominating conduction mechanism in NiMoO4
compound.

Fig. 11 displays the temperature dependence of AC conductivity (Ln(oac)) in region Il. It is
obvious that the AC conductivity varies exponentially with temperature and the curves are
straight lines. The values of N and W are listed in Table 4 where we can deduce that an
increase in the frequency causes a decrease in the localized states density. Depending on the
definition agreed by Mott 3° we can attribute the reduction of the localized states density as a
function of the frequency to the increase in the disorder, leading to a decrease in the stabilities
of states from which the non-localization of the latter can occur.

The variation of R, as a function of the frequency in region Il for the molybdate compound is

shown in Fig. 12.



The hopping distance (R.) decreases as the frequency increases. This behavior agrees with the
increment of the parameter N as the frequency increases (Table 4). It is noteworthy that when
the density of localized states (N) and the conductivity increase with the frequency, the barrier
height Wn decreases slightly. Consequently, the charges can jump readily at the nearest

neighbor sites.

4-4.  Theoretical analysis of the overlapping large Polaron tunneling (OLPT)
conduction mechanism of NiWO4
Figure 8 (b) shows the exponent (s) plotted as a function of temperature which is decreases and
exhibits a minimum at a certain temperature before starting to increase with temperature
indicating that the conduction mechanism in NiWOg is more likely explained by the OLPT

model“°:

o = n*e?KET?a~! w [N(Er)]? RE
ac — Wyot
12(2aKpT+—19"P)
Rb.)

(10)

where rp is large polaron radius, a is inverse localization length, N(Er) is the density of states
at the Fermi level, Kg is Boltzmann constant, Wo is the activation energy associated with
charge transfer between the overlapping sites and Ry, is the hopping length at angular frequency
o (is the tunneling distance). The hopping length R,, is determined in this model by solving the
following quadratic equation:

(Rey)* + (ﬁWHo + Ln(wto))Rc’u = BWyor, =0 (11)

Rw'= 20R, Yp'= 2arp and = 1/ksT (12)

where WH is the polaron hopping energy, R is the polaron jump distance, and r,, is the polaron

radius. The parameters WHo and R, can be calculated using the following relations:

e?

Who = (13)

A%pg

R, = ﬁ{(Ln(l/wTO) — WyoB) + [(WHO,B - Ln(l/wro))z + 8aWH0Tp.3]1/2} (14)

and the frequency exponent s in the overlapping large polaron tunneling model was given by
3@

GWHOTp
Ra,rpT

WHOTp ]2
RwKBT

8aR,+
S=1-

[2aRy,+

(15)




The variation of the AC conductivity with temperature at different frequencies (Fig. 13.) shows
the decrease conductivities with the temperature which is thermally activated. Furthermore, the
OLPT model was used to obtain the best fits for these graphs, revealing that the simulated
conductivities are in good agreement with the experimental data. The fitted parameters o, WHo
and rp are summarized in Table 5.

Among the refinement results, the evolution of the density of states at the Fermi level N(Er) as
a function of frequency is presented in Fig. 14. The shape of this variation shows that an
increase in frequency stimulates the mobility of free charge, which may cause an increase in
the radius of the polaron (rp) and thus justify the increase in AC conductivity with frequency.
As shown in the inset Fig. 14, the thermal variation of the tunneling distance R, for different
frequencies shows that when the temperature increases, the tunneling distance R, increases,
implying that the increase in temperature provides thermal energy to polarons, which
subsequently move and facilitate hopping and interchain interaction. For a fixed temperature,
R, decreases with frequency. The R, hopping distance deduced from the previous study is in
the order of magnitude of the interatomic distance. These results suggest that the conduction
process of the tungsten studied compound is ensured by the movement of the Ni?* cation along
the (100) tunnels direction.

Conclusions

In this study, we successfully synthesized the NiMoO4 and NiWO4 compound by using the
solid-state method. X-ray diffraction analysis performed at room temperature revealed that the
structure of both compounds is monoclinic. The UV-Vis spectroscopy was investigated to
decide certain main parameters, such as, the direct gap energy values, which are 2.72 eV for
NiMoOs and 2.81eV for NiWO4 compounds. The Nyquist plots were analyzed using an
equivalent circuit model for each studied compound. Furthermore, we interpreted the high
frequency dependent AC conductivity of NiMO4 (M=Mo and W) using the universal Jonscher’s
law. The temperature dependence of the exponent s reveals that the conduction mechanism is
explained by the non-overlapping small polaron-tunneling model (NSPT) in phase | and the
correlated barrier-hopping model (CBH) in phases Il for Mo-based compound. While the
overlapping large Polaron tunneling (OLPT) model was used for NiwO4. Based on the optical
and electrical results, the Mo- based compound exhibited better properties which can be
explained by the differences in Mo-O and W-O distances in the MoOes and WOs octahedral
where the Mo-based compound has smaller distances.
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Figures caption

Fig. 1 (a, b): Refined powder X-ray diffraction pattern for (a) NiMoO4 and (b) NiWQOg, at room
temperature: calculated data (black solid line), observed data (red)and the Bragg positions are
observable by vertical bar.

Fig. 2 (a, b): The crystal structure of (a) NiMoO4 and (b) NiWO4

Fig. 3 (a, b): The UV/vis absorption spectra at room temperature of (a) NiMoO4 and (b) NiWO4
compounds.

Fig. 4 (a, b): Complex impedance spectra at various temperatures of (a) NiMoO4 and (b)

NiWO4 with electrical equivalent circuit (inset).
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Fig. 5 (a, b): Variation of the Ln (og) as function of temperature of (a) Mo and (b) W based
compound.

Fig. 6(a, b): Frequency dependence of alternating current conductivity at several temperatures
for (a) NiMoO4 and (b) NiWOQsg.

Fig. 7(a, b): Variation of the Ln (o4c) as function of temperature of (a) NiMoO4 and (b) NiWOQa.
Fig. 8 (a, b): Variation for universal exponent s as a function of Temperature for (a) NiMoO4
and (b) NiWO4

Fig. 9: Comparative analysis of theoretical and experimental ac conductivity for NiMoO4
(region 1) at different frequencies.

Fig. 10: Variation of the parameter N (eV! cm™) according to the frequency (NSPT model)
and the variation of the tunneling distance R, (A) as a function of temperature at different
frequencies of NiMoO4 (NSPT model) (inset)

Fig. 11: Variation of Ln (oa) With inverse of temperature at various frequencies for NiMoO4
(CBH model)

Fig. 12: Variation of the hopping tunneling distance R, as a function as temperature at different
frequencies (CBH model)

Fig. 13: OLPT model fitting of ac conductivity at different frequency values for NiWO4
compound.

Fig. 14: Variation of the parameters N(Ef) (eV* cm) according to the frequency (OLPT
model) and temperature dependence of the tunneling distance R.(A) at different frequencies
for NiWO4 (OLPT model) (inset)

Tables caption:

Table 1: Crystal data of the NiMoO4and NiWO4 compounds.

Table 2: Fractional atom coordinates for NiMO4 with M=Mo and W from X-ray powder
diffraction data.

Table 3: Comparison of polyhedral and interatomic distances of NiMoOs and NiWO4
compound.

Table 4: Parameters used for CBH model fitting in NiMoO4

Table 5: Parameters used for OLPT model fitting in NiWQO4
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Table 1

NiMoO4 NiWO4
Crystal system monoclinic monoclinic
Space group C2/m P 2lc
a(A) 9.5111 4.6013
b(A) 8.7601 5.6632
c(A) 7.6673 4.9103
B(°®) 113.11 90.03
Volume V (A3) 587.56 127.95
Z 8 4
Rs factor (%) 5.90 3.68
Rr Factor (%) 5.55 3.03
X2 4.93 1.05
Table 2
NiMoO, NiWO4
Atom  Wyck. X y Z Atom  Wyck. X y Z
01 8j 0.014 0.234 0.2855 o1 49 0.223 0.113 0.924
02 8j 0.166 0.2978 0.078 02 49 0.269 0.617 0.536
03 8j 0.346 0.1370 0.434 W1 2f 0.5 0.677 0.25
04 4i 0.205 0 0.093 Nil 2e 0 0.163 0.25
05 4i 0.158 0 0.579
Mol 4i 0.1976 0 0.3420
Mo2 49 0 0.2144 0
Nil 4i 0.7972 0 0.1474
Ni2 4h 0 0.1916 0.5
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Table 3

NiMoOa4

NiWOa
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Table 4

Frequency(Hz) N(EeVim?) Wm(eV)

501187 2.05x1016 5.28

251189 3.15x10%6 4.07

5012 2.67x10% 1.36

2512 3.88x10%7 1.39

1000 6.35x10%7 1.40

Table 5
Frequency (Hz) a(A 1) Who (eV) ro(A)

10 1 1.20378 0.64413
100 1 1.20492 0.66692
1000 1 1.17775 0.83757
2512 1 1.16645 0.76453
501187 1 0.62774 0.6839
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