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ARTICLE INFO ABSTRACT
Keywords: As an attempt to improve the catalytic processes in different electrochemical systems, molyb-
AC conductivity denum dioxide nanoparticles were prepared using the hydrothermal method, and their electrical
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and dielectric properties were investigated. The nanoparticles were polycrystalline with an
orthorhombic structure. AC electrical transport properties of the pressed disc were conducted
over a temperature range of 303-423 K and a frequency range of 42-5 x 10° Hz. The AC con-
ductivity follows Jonscher’s universal dynamic law, and it has been determined that correlated
barrier hopping (CBH) is the primary conduction mechanism. The maximum barrier height (W)
was found to be 0.92 eV. The low activation energy showed that hopping conduction is the
dominant mechanism of transporting current. The dielectric parameters were analyzed using both
complex permittivity and complex electric modulus, with a focus on how they vary with tem-
perature and frequency. At relatively high temperatures and low frequencies, the dielectric pa-
rameters showed a high-frequency dependence. The dielectric modulus showed that relaxation
peaks move towards lower frequency when temperature increases. The dielectric relaxation
activation energy, A E, was determined to be 0.31 eV.

1. Introduction

Molybdenum dioxide (MoO) nanoparticles have gained significant attention as efficient catalysts in various electrocatalytic
processes due to their unique electrical and dielectric properties [1,2]. These properties play a crucial role in determining the catalytic
performance of MoO, nanoparticles and can be tailored to enhance their activity and stability. In electrochemical reactions, MoO5
nanoparticles can be used as catalysts to enhance energy conversions and storage technologies such as fuel cells [3,4], water elec-
trolyzers [5], and photoelectrochemical cells [6]. These electrochemical reactions are influenced significantly by the electrical pa-
rameters of MoO» nanoparticles, such as conductivity and charge transport characteristics. The high conductivity of MoO,
nanoparticles enhances the electrocatalytic performance at the catalyst-electrolyte interface, facilitating charge transfer and the redox
reaction involved in various electrocatalytic processes [7]. Furthermore, dielectric properties such as dielectric constant and dispersion
loss, can provide insight into the behavior of MoO5 nanoparticles in electrocatalysis. At the catalyst-electrolyte interface, the dielectric
constant influences polarization effects, affecting the kinetics of reactants adsorption and desorption [8]. Additionally, dielectric
spectroscopy sheds light on reaction mechanisms and kinetics by providing a comprehensive understanding of charge storge and
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relaxation process [9].

There have been extensive studies on the catalytic efficiency of MoO, nanoparticles in different electrocatalytic processes. In the
oxygen reduction reaction (ORR), MoO, nanoparticles have displayed a remarkable catalytic activity comparable to traditional
platinum-based catalysts, which makes them an attractive candidate and efficient alternative [10]. Furthermore, MoO nanoparticles
have demonstrated promising performance in hydrogen evolution reactions (HERs) and oxygen evolution reactions (OERs) [11],
which are critical in renewable energy and water electrolysis. Optimizing the electrocatalytic performance of MoO; nanoparticles
requires comprehensive understanding of their electrical and dielectric parameters. By utilizing these parameters, a research endeavor
can be undertaken to uncover the underlying mechanisms that dictate catalytic activities, improve overall performance, and advance
the development of superior electrocatalysts based on MoOs. In this study, we aim to provide valuable insights into the electrical
properties and dielectric spectroscopy of MoO5 nanoparticles under a wide range of temperatures. With the comprehensive charac-
terization of these parameters, we are able to establish a deeper understanding of the conduction mechanisms controlling electrical
conduction and gain insights into the sources of dielectric losses and defects within MoO; nanoparticles. This research contributes to a
broader knowledge base for the application of MoOs, as electrocatalysts.

2. Experimental techniques

The synthesis of MoO, nanoparticles was performed using a hydrothermal method, following the procedure established by Ellefson
et al. [12]. Molybdenum trioxide (MoOs) dry powder, purchased from Sigma-Aldrich, served as the starting material. To initiate the
synthesis, 0.3 g of MoO3 powder was combined with 10 ml of ethylene glycol. Subsequently, 30 ml of distilled water was added to the
mixture in a stainless steel-lined autoclave. To ensure a controlled reaction environment, the autoclave was tightly sealed, eliminating
any external contaminants. The sealed autoclave was then subjected to a constant temperature of 180 °C for a duration of 12 h,
allowing for the hydrothermal reaction to take place. During the hydrothermal process, the elevated temperature and pressure within
the autoclave provided favorable conditions for the reduction of MoO3 and the subsequent formation of MoO5 nanoparticles. The
interaction between MoOs, ethylene glycol, and water molecules under these conditions facilitated the transformation of the precursor
into the desired MoO4 nanoparticles. After the completion of the hydrothermal reaction, the autoclave was allowed to cool down to
room temperature. The resulting product, MoO; nanoparticles, was then collected and air-dried at 50 °C. X-ray diffraction spectros-
copy (XRD, Rigaku MiniFlex 600) was used to study the nanostructure of the materials in the 26 range of 5-90°. The diffraction
patterns were collected automatically at a scanning speed 2°min~! within the 26 range. Scanning electron micrographs of MoOy were
obtained with a field emission scanning electron microscope model-Quanta 250 FEG (FEI). A uniaxial press with a steel holder and 2 x
108 Nm ™2 of pressure was used to press the nanopowder into a disc shape. The uniaxial press maintains the output disc homogeneity
and inhibits the growth of cracks or voids. The produced disc has an approximate thickness of 1.1 mm and an average diameter of 7
mm. The study utilized two layers of silver as ohmic contacts for alternating current Ac measurements on an AlPcCl disc. The mea-
surements were conducted using a Hioki 3532 programmable RLC bridge and included the determination of phase angle, impedance,
resistance, and capacitance within a frequency range of 42-5 x 10° Hz. Additionally, a technique for calculating the total conductivity
o, of a substance was employed, utilizing a thermocouple within a temperature range of 303-423 K. The equation used to determine
conductivity was o, (0,T) = d/AZ, where A represents the sample’s cross-sectional area, d represents the thickness of the disc, and Z is a
constant.
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Fig. 1. XRD of MoO; in powder form.
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3. Results and discussion
3.1. Structural characterization

The X-ray diffraction pattern of the MoO, powder is shown in Fig. 1. The diffraction patterns indicate that the powder material is
polycrystalline. The peaks that were observed were matched to JCPDS standards and it was determined that all of the reflections
observed can be aligned with an orthorhombic structure (JCPDS No0.03-065-5787). The Scherrer formula Eq. 1 was utilized to calculate
the full width at half maximum (FWHM) for determining the particle size [13]:

094
" Pcos(0)

(€Y

The mean crystallite size (D) was determined by analyzing X-ray diffraction data using the Debye-Scherrer equation. The equation
utilizes the wavelength of the copper target (1), the full width at half maximum (FWHM) of the diffraction peak (B), and the diffraction
angle (0). The average grain size as determined by this XRD analysis was approximately 11.44 nm, which is consistent with the size
measurements obtained through scanning electron microscopy, as illustrated in Fig. 2. On the scanning micrograph, nanocrystalline
spherical particles of 15-35 nm are distributed almost uniformly across the surface of the sample.

3.2. AC conductivity

The total electrical conductivity o,(w, T) of a material is a measure of its ability to conduct electrical current. It is a function of both
frequency (®) and temperature (T) and can vary greatly depending on the material and the specific conditions under which it is being
measured. In the literature, Eq. (2) is an empirical relation that describes the total electrical conductivity over a wide range of fre-
quencies and temperatures [14,15]:

6, (0, T) =064 (T) + 0y (0, T) 2)

The total electrical conductivity o, (o, T) of the material can be separated into two components: a frequency-independent DC
conductivity 64.(®, T), and a frequency-dependent conductivity c,.(®, T). The frequency-independent conductivity 64.(®, T), can be
calculated by extrapolating experimental data at low frequency down to zero value, using Eq. (2). The frequency dependence of 6, (o,
T) at different temperatures is illustrated in Fig. 3, and can be described mathematically using Eq. (3) [16]:

Gue (0) = A* 3)

where o is the angular frequency, A is a constant that is dependent on temperature, and S is the frequency exponent factor. The
frequency exponent S is plotted as a function of temperature, and different theoretical models for AC conductivity can be used to
explain the temperature dependence of s and the conduction mechanism. This can provide insight into the electronic properties of the
material. As per the electron tunneling model, the frequency exponent s is not depending on the temperature but on frequency. For
some forms of tunneling, such as large polaron tunneling, s is seen to decrease to a certain temperature range and then increase. This is
observed in Fig. 4 where the value of s reduces as temperature increases. This pattern is explained by the correlated barrier hopping
theory, where the charge carriers move between sites by jumping over potential barriers between them. This mechanism states that the
frequency exponent s decreases as temperature increases. Eq. (4) represents the AC conductivity in this model is represented as follows
[17]:

Fig. 2. SEM micrographs of MoO, surface.
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Fig. 3. Frequency dependence of o, for MoO, at different temperatures.

0.85

0.80 - o\
0.75 - \

0,
w
0.70
]
N
0.65
0.60 [
W
\\o
055 T T T T T T
300 320 340 360 380 400 420
T(K)
Fig. 4. Temperature dependence of power exponent (s).
—
124 g
e,
<- < e >
13 -
o < Y
.- <- P
T 144
€
9o
g -154
5
= -16
©
o}
c
g 174 y
—m—1KHz -\\
4184 2 Soue —
—w— 100 KHz L
¢ 500 KHz ‘\i
19 4 —<«1000KHz ~——_
—p— 3000 KHz e
—n
-20 T T T T T
2.2 24 2.6 2.8 3.0 3.2 3.4
1000/T(K™)

Fig. 5. Temperature dependence of o, at different frequencies.

Heliyon 9 (2023) 20610



L Soliman et al. Heliyon 9 (2023) 20610

Oy (@) =

T2N(Er)’e < 82 )ﬁ o

. (€]
24 eWy) w37

The model includes several parameters, including the density of localized states N (Eg), dielectric constant (¢), electronic charge (e),
maximum barrier height for electron hopping W), , and effective relaxation time 7,. Additionally, the frequency exponent (s) is also
provided [17]:

6KpT
OBl 5
s [Wy + KpTin(wrz,)) ®)
The initial approximation results in a simple formula for the s value, which is given by Eq. (6) [18]:
s=1-(6K_(B) T/ Wy) ©)

The value of Wy, was determined to be 0.92 eV when the temperature is set to 303 K and using the Boltzmann constant Kp. Fig. 5
shows how o, changes with temperature. The temperature causes the In (c,.) to increase linearly at different frequencies, meaning that
the ac conductivity is affected by temperature through different localized states of the gap [19]. It has been determined that the
dependence of 6,. on temperature determined by the following Eq. (7) [16].

Gac = Op CXp(—AEaC /KBT) (7)

Where o, is the pre-exponential constant and AE, is the activation energy of Ac conduction. The slopes of the lines in Fig. 5 are used to
calculate the activation energy of AC conduction at different frequencies. Fig. 6 shows the relationship between frequency and AE,.. As
the frequency increases, AE,. tends to decrease. The current transport is mainly driven by hopping conduction, which is characterized
by low activation energy. Thus, when the frequency increases, the electronic jumps between the localized states also increase [20].

3.3. Dielectric studies

The complex dielectric permittivity of a material, ¢*(w) = €; (®) + €2(w), is composed of two parts: the dielectric constant (¢;)
which is the real component, and the dielectric loss (ez) which is the imaginary component [19-21]. The ratio between these two parts
is called the loss tangent (tan & = &5/ &1) [21]. Studying the frequency dependence of the dielectric constant is shown in Fig. 7. The
results show that at a constant temperature, the dielectric constant decreases as the frequency increases. This means that the material’s
ability to store electrical energy in an electric field decreases as the frequency increases. The decrease in dielectric constant with
increasing frequency is caused by the dipoles’ inability to rotate quickly and follow the applied field at high frequencies [21]. Fig. 8
illustrates the relationship between the dielectric constant represented by €;, and temperature at constant frequencies. The figure
shows that as the temperature increases, the dielectric constant also increases. This implies that the material’s ability to store electrical
energy in an electric field increases as the temperature increases. This behavior can be attributed to the increase in kinetic energy of the
material’s electrons as the temperature rises, which allows them to move more freely and align better with the electric field. Addi-
tionally, at higher temperatures, the material’s ions vibrate more, leading to increased polarizability of the material, and further
contributing to the increase in dielectric constant [22]. Figs. 9 and 10 show how the dielectric loss, €2, changes with frequency and
temperature respectively. The data in the figures reveal that the values of €, follow a similar pattern as &;. The main source of dielectric
loss is dipole loss which occurs due to the rotational movement of the dipoles in the material [22]. Additionally, as the temperature
increases, the movement of the dipoles and free charge carriers in the material increases, leading to an increase in the losses due to
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dipole movement and conduction [22]. Dielectric modulus, also known as electric modulus, M*, can be used as an alternative way to
describe the electrical properties of materials. M* gives an insight into how a material responds to an applied electric field and the
relationship between electric displacement and field strength and helps to distinguish between the material’s general electrical
conductivity and localized dielectric properties, like dipole reorientation. The real and imaginary dielectric moduli, represented by M’
and M, respectively, were calculated using the standard formulas as shown in Egs. (8)-(10) [23]:

M (0)=1/¢(@) =M +iM ®)
M(0)=¢ /(&) + (e2)°] ©)]
M (0)=¢ /[(:)’ +(e2)°] (10)

The values of M (@) as depicted is shown in Fig. 11. In the low-frequency range, values tend to zero. The presence of a low-
frequency tail may be a result of the high capacitance associated with the electrodes [24]. A well-defined peak becomes more pro-
nounced as the temperature increases. This is accompanied by a systematic shift of the maximum peak position towards higher fre-
quencies, implying that the relaxation rate of the process increases with increasing temperature [21]. The area below the peak
maximum in frequency is significant in figuring out the range where the charge carriers are capable of moving over long distances. The
characteristic relaxation times can be calculated by measuring the inverse frequency of maximum positions, with the equation t,, =
o, [25]. By utilizing the Arrhenius relationship using Eq. (11), the temperature dependence of the characteristic relaxation time can
be identified, as depicted in Fig. 12.

0.18
0.16
0.14
0.12

0.10

M”

0.08
0.06
0.04

0.02

0.00

-0.02 1+

o
o -
-
o
N
N
&
>
)
o
N
©

Ln(w)

Fig. 11. Frequency dependence of electric modulus, M, at different temperatures.



L Soliman et al. Heliyon 9 (2023) 20610

17 4 1)
o™
16 4 @
. [ ]
3 N
8E
15 &
5 o
14
13 4 o
T T T T T
2.2 2.4 2.6 2.8 3.0 3.2 3.4
1000/T(K™
Fig. 12. Variation of In @y, vs. 1000/T.
O =, exp(—AE,, / KgT) (11)

where o, is the pre-exponent factor, A E,, is the activation energy for dielectric relaxation. the value of AE, was determined to be

approximately 0.31 eV. The graph in Fig. 13 depicts the plots between M'/ M, vs. In (o /o) at different temperatures, where M, is
the maximum value of the imaginary component of the electric modulus. The fact that the curves for all temperatures overlap shows
that all the dynamic processes are relatively independent of temperature [26].

4. Conclusion

A simple hydrothermal synthesis method was used to synthesize MoO, nanoparticles. Microstructural, morphological, electrical,
and dielectric properties of the catalyst material were conducted. The XRD and SEM results confirmed the polycrystalline nature of the
prepared samples. The frequency dependence of c,. at different temperatures was studied to determine the conduction mechanism.
Correlated barrier hopping was found to be the dominant conduction mechanism where carriers hop between conduction sites over a
potential barrier separating them. The temperature dependence of c,. at different frequencies was investigated to determine the
activation energy AE,. which was found to be decreased with increasing frequency. The dielectric properties were studied as a
function of frequency and temperature. The dielectric properties were decreasing with increasing frequency, but at relatively high
temperatures and low frequencies, the dielectric constant exhibited high-frequency dependence. As a result, the polarizability factor of
e1and e is a result of relaxation polarization (interfacial and orientational) and deformational polarization (ionic and electronic). The
electric modulus M* was studied to determine dielectric relaxation, which was found to be 0.31 eV. Besides, it explained how dynamic
processes depend on temperature.
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