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advanced lithium-ion battery cathodes
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Lithium metavanadate (LiVO3) is a material of growing interest due to its monoclinic C2/c structure, which

supports efficient lithium-ion diffusion through one-dimensional channels. This study presents a detailed

structural, electrical, and dielectric characterization of LiVOsz synthesized via a solid-state reaction,

employing X-ray diffraction

(XRD),

scanning electron microscopy with energy-dispersive X-ray

spectroscopy (SEM-EDS), and impedance/dielectric spectroscopy across a temperature range of 473—
673 K and frequency range of 10 Hz to 1 MHz. XRD and Rietveld refinement confirmed high crystallinity
and single-phase purity with lattice parameters a = 10.155 A, b = 8.421 A, c = 5.881 A, and ¢ = 110.45°.
XRD confirmed single-phase purity and lithium stoichiometry, while SEM-EDS verified the uniform

distribution of vanadium and oxygen, supporting chemical homogeneity. Impedance spectroscopy

revealed thermally activated conduction with distinct grain (0.86 eV) and grain boundary (0.77 eV)

activation energies, modeled using an equivalent circuit with constant phase elements, highlighting
significant microstructural effects. AC conductivity follows Jonscher's universal power law, driven by

a single-polaron hopping mechanism with strong electron-phonon coupling. Dielectric analysis showed

pronounced non-Debye

relaxation and space-charge polarization,

influenced by temperature,

frequency, and grain boundaries. These results elucidate the critical role of microstructure in governing

Received 5th August 2025
Accepted 2nd September 2025

charge transport and dielectric relaxation in LiVOs, supporting its potential as a candidate material for

lithium-ion battery cathodes. Targeted doping and interface engineering are proposed as promising

DOI: 10.1039/d5ra05714k

rsc.li/rsc-advances storage research.

1 Introduction

The increasing global reliance on portable electronics, electric
vehicles (EVs), renewable energy storage, and grid-scale power
management systems continues to drive rapid development in
lithium-ion battery (LIB) technologies. As the demand for
cleaner, more efficient, and longer-lasting energy storage
systems intensifies, significant efforts are directed toward
improving key battery performance parameters—including
energy density, cycle life, thermal stability, and cost-
effectiveness.’™ These factors are particularly critical for next-
generation EVs and large-scale energy storage applications,

“Laboratory of Spectroscopic Characterization and Optical Materials, Faculty of
Sciences, University of Sfax, B.P. 1171, 3000 Sfax, Tunisia. E-mail: nasri.saber.1@
gmail.com

*University of Gafsa, Preparatory Institute for Engineering Studies of Gafsa, EI
Khayzorane Street - Zaroug, Gafsa - 2112, Tunsia

‘Physics Department, College of Science, Al-Baha University, Al Baha, 1988, Saudi
Arabia

“Chemistry Department, College of Science, King Khalid University (KKU), Abha 61413,
P.O. Box 9004, Saudi Arabia

32248 | RSC Adv, 2025, 15, 32248-32262

future strategies to enhance its electrochemical properties, thereby advancing its applicability in energy

where high performance, safety, and affordability must be
balanced.

Among the various components of LIBs, the cathode mate-
rial is widely recognized as the most crucial determinant of
energy density, voltage profile, and overall electrochemical
performance. Consequently, an enormous body of research has
been devoted to identifying and optimizing advanced cathode
materials with high specific capacity, excellent rate capability,
and long-term structural stability. Current candidates include
Li-rich layered oxides, polyanionic frameworks (e.g., phosphates
and silicates), fluorinated compounds, and various transition
metal oxides, particularly those based on vanadium.>”

Vanadium-based oxides have garnered increasing attention
in recent years due to their rich redox chemistry, variable
oxidation states (V**, V**, v°*), and flexible coordination envi-
ronments. These properties facilitate the formation of a wide
range of open-framework structures with tunable electronic and
ionic transport characteristics. Moreover, vanadium oxides
often exhibit relatively low cost, earth-abundance, and envi-
ronmental compatibility, making them strong contenders for
large-scale, sustainable battery systems.*® The ability of
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vanadium to accommodate multiple lithium ions during
cycling without significant structural degradation also adds to
its appeal.’®

Among the family of vanadium oxides, lithium meta-
vanadate (LiVOj;) is an emerging cathode material that offers
several compelling features. Crystallizing in the monoclinic
system (space group C2/c), LiVO; is composed of one-
dimensional chains formed by corner-sharing VO, tetrahedra
and edge-sharing LiOg octahedra aligned along the c-axis. This
structural arrangement provides efficient lithium-ion diffusion
channels and contributes to its high theoretical specific
capacity and reasonable cycling stability.">** Unlike other
layered vanadium oxides such as LiV,0s and LiV;Og, LiVO;
exhibits better structural integrity during charge/discharge
cycles and can be synthesized more easily via scalable solid-
state routes."

Despite these advantages, LiVO; is not without its chal-
lenges. It tends to operate at lower voltages compared to other
cathode candidates, which can limit its practical energy density.
Additionally, like many transition metal oxides, it is susceptible
to capacity fading over extended cycling due to lattice distor-
tions, phase transitions, and interfacial instability."* To over-
come these limitations, several strategies have been proposed,
including cation doping (e.g., AI’*, Mg**, or Ti*" substitution),
carbon or graphene coating, surface passivation, and nano-
structuring, all aimed at enhancing lithium transport kinetics
and improving electrode stability."®

Moreover, recent studies have emphasized the critical role of
synthesis conditions—including temperature, atmosphere,
precursors, and reaction time—in controlling the final
morphology, particle size, crystallinity, and electrochemical
behavior of vanadium-based oxides. For example, ultrasonic-
assisted chemical synthesis has been employed to produce
LiVO; nanorods with enhanced lithium storage behavior due to
increased surface area and ion diffusion pathways. Hydrothermal
routes yield nanoscale LiVO; structures with improved electro-
chemical kinetics. Sol-gel methods allow porous morphologies
offering superior rate capabilities. Post-synthesis treatments like
vacuum annealing influence structural stability and lithium
mobility. Meanwhile, cation doping strategies have been demon-
strated to optimize electrochemical performance by modifying
structure and defects. These findings underscore the importance
of fine-tuning synthesis routes to optimize performance.'**®

At the same time, a deeper understanding of the structural
defects and local environments in LiVO; is needed to fully
exploit its potential. Defects such as oxygen vacancies, inter-
stitials, and structural water can significantly influence the
material's conductivity, charge-storage mechanism, and long-
term stability. Advanced characterization techniques such as
X-ray photoelectron spectroscopy (XPS), Fourier-transform
infrared spectroscopy (FTIR), and Raman spectroscopy have
proven invaluable in identifying these defects and correlating
them with performance outcomes.”

While significant progress has been made on vanadium
oxides like V,0s, V,00, and y-LiV,0s, LiVO; remains relatively
underexplored, especially regarding its electrical transport
behavior, high-temperature stability, and frequency-dependent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dielectric response. Most studies have focused primarily on
electrochemical aspects without delving into the material's
electrical and dielectric characteristics, which are essential for
understanding ionic transport mechanisms, relaxation
phenomena, and potential multifunctional applications such as
sensors or solid-state devices.'***

To date, comprehensive impedance spectroscopy and
dielectric analysis of LiVO; under variable thermal and
frequency conditions are scarce. Such studies are critical for
probing charge carrier mobility, grain boundary effects, defect-
related relaxation, and hopping mechanisms in the material.
Insights from these investigations can not only improve the
practical usability of LiVO; in LIBs but also position it as
a promising material for next-generation solid-state batteries
and energy-harvesting devices.*

In this study, we aim to bridge existing gaps by systematically
investigating LiVO; synthesized through an optimized solid-
state reaction method. Our approach focuses on establishing
a detailed correlation between synthesis conditions and
resulting structural features using X-ray diffraction (XRD) and
scanning electron microscopy (SEM). To evaluate the material's
electrical behavior, we perform dielectric and impedance spec-
troscopy analyses over a wide range of frequencies and
temperatures, enabling insight into conduction mechanisms,
relaxation dynamics, and grain-boundary contributions.
Furthermore, temperature-dependent conduction behavior is
explored through fitting experimental data to established
models. A comparative analysis with other vanadium oxide-
based cathode materials is also conducted to assess and
benchmark the electrochemical potential of LiVO;.

Through this comprehensive approach, we seek to uncover
the fundamental structure-property-performance relationships
that govern LiVO;'s behavior under realistic operating condi-
tions. Our findings not only contribute to the advancement of
LiVO; as a cathode material for lithium-ion batteries but also
open up new directions for its application in multifunctional
energy storage devices and electrically active ceramic systems.

2 Experimental details

The LiVO; compound was synthesized via a conventional solid-
state reaction technique. Stoichiometric amounts of lithium
carbonate (Li,CO;3) and vanadium pentoxide (V,0s), both of
analytical grade purity (>99.9%), were accurately weighed,
thoroughly ground, and homogenized using an agate mortar
and pestle. The homogeneous mixture was gradually heated in
a platinum crucible under ambient atmosphere at 573 K for 8
hours with a heating rate of 5 K min ™" to decompose Li,CO; and
expel CO,. After cooling, the resultant powder was reground,
pressed into cylindrical pellets of approximately 8 mm diameter
and ~1.1 mm thickness using a uniaxial hydraulic press at
a pressure of ~200 MPa, then sintered at 1073 K for 10 hours
with the same heating rate. Intermediate regrinding and
repressing were performed once to promote phase homogeneity
and densification.

X-ray powder diffraction (XRD) patterns were recorded at
room temperature using a Cu-Ka radiation source (A = 1.5406
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A), with a scanning range of 10°-70° 26 and step size of 0.02°.
Phase identification and crystalline structure refinement were
conducted employing the Rietveld method using the FULLPROF
software suite.

The microstructure and elemental distribution of the
synthesized samples were examined by scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS) utilizing a Zeiss EVO LS10 instrument. Samples
were coated with a thin carbon layer prior to imaging to improve
conductivity.

Impedance spectroscopy measurements were conducted
over a frequency range of 10 Hz to 1 MHz and temperature
range from 300 K to 573 K using a Solartron 1260 Impedance/
Gain-Phase analyzer equipped with a high-temperature
sample holder. The pellet surfaces were coated with a thin,
uniform layer of silver paste, which was air-dried at room
temperature to ensure good electrical contact and serve as
blocking electrodes during measurements. Temperature ramp
rates for electrical measurements were maintained at 2
K min~!, with stabilization at each setpoint for 10 minutes
before data acquisition to ensure thermal equilibrium.

View Article Online
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3 Results and discussion
3.1. Powder X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern of the synthesized LiVO;
sample, shown in Fig. 1(a), exhibits sharp and intense diffrac-
tion peaks, indicating high crystallinity. The diffraction data
confirm that the sample crystallizes in a monoclinic system with
the C2/c space group. Rietveld refinement performed at room
temperature yielded lattice parameters of a = 10.155(2) A, b =
8.421(2) A, ¢ = 5.881(1) A, and § = 110.45(1) ©°, in excellent
agreement with previously reported crystallographic data.”® The
refinement quality is confirmed by the reliability factors: R, =
12.3%, Ryp = 14.5%, Rexp = 7.21%, and x> = 2.48, indicating an
accurate fit and high phase purity. No additional peaks corre-
sponding to impurity phases were observed, confirming the
successful synthesis of single-phase LiVO;.

3.2. Morphological characterization

The surface morphology, particle size, and distribution of the
LiVO; sample were investigated using scanning electron
microscopy (SEM), as illustrated in Fig. 1(b). This image reveals
a highly crystalline structure characterized by elongated,
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(a) Powder X-ray diffractogram of LiVOs recorded at room temperature. The inset shows the crystal structure of the LiVOs. (b)

Morphological analysis of LiVOs by SEM imaging. (c) Energy-dispersive X-ray (EDX) spectrum and elemental composition analysis.

32250 | RSC Adv, 2025, 15, 32248-32262

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05714k

Open Access Article. Published on 08 September 2025. Downloaded on 1/23/2026 8:19:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

needle-like formations, indicative of a well-defined growth
pattern during synthesis. The rough texture and fibrous
appearance suggest a high surface area, which is critical for
applications such as lithium-ion battery electrodes or catalytic
materials, as it facilitates enhanced ion diffusion and reactivity.
The particle size appears relatively uniform, with the needle-like
structures varying in length, potentially influencing the mate-
rial's electrochemical performance.*

A key finding in this study is the pronounced agglomeration
tendency observed among the grains. This agglomeration,
specific to our synthesis protocol, directly impacts the mate-
rial's microstructure and, consequently, its grain boundary
resistance and charge carrier transport—factors that are criti-
cally relevant for optimizing electrical and electrochemical
performance in battery applications. Such a microstructural
profile suggests potential for tuning electrical pathways to
enhance functional device properties, highlighting the novelty
of the synthesis approach.

Elemental mapping by EDX (Fig. 1(c)) confirmed homoge-
neously distributed vanadium and oxygen, attesting to the
phase purity and compositional uniformity of the sample. Of
particular importance is the absence of extraneous elements,
evident in the clean spectrum, which underlines the efficacy of
the synthesis in achieving a single-phase product crucial for
reliable battery operation. While lithium atoms were unde-
tected due to their low atomic number and EDX sensitivity
limitations,* their presumed even distribution is consistent
with successful stoichiometric control—a novelty aspect that
increases confidence in using LiVO; in advanced energy storage
devices.

3.3. Impedance analysis

Impedance spectroscopy allows the distinction of electrical
responses from various microstructural areas, including bulk
grains, grain boundaries, and electrode interfaces, providing
valuable understanding of the material's electrical properties.*
In the case of LiVO;, the Nyquist plots (—Z" versus Z') presented
in Fig. 2(a) exhibit flattened semicircular whose centers lie
beneath the real axis. This depression and deviation from ideal
Debye behavior indicate a distribution of relaxation times
arising from in homogeneities such as grain boundary effects,
defects, and microstructural disorder.** This non-ideal behavior
is a hallmark of polycrystalline ceramics and is consistent with
the porous microstructure and agglomerated grains observed in
SEM analysis.

The observed shrinkage of the semicircle diameter and cor-
responding decrease in real-axis intercept with increasing
temperature are definitive signatures of thermally activated
conduction processes. This trend highlights enhanced charge
carrier mobility. It likely results from the reduction of electro-
static barriers at grain boundaries and increased hopping or
interstitial diffusion within the bulk grains. Such temperature-
dependent behavior reflects the semiconducting nature of
LiVO;, where electrical conductivity is intrinsically linked to
thermal excitation of lithium ions and electrons/holes associ-
ated with vanadium valence states.”>*¢ It is important to note

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that our electrical and dielectric spectroscopy results are
intended to provide fundamental mechanistic insights into
conduction and relaxation processes in LiVO; rather than
directly simulating practical lithium-ion battery operating
conditions.

To quantitatively model these phenomena, an equivalent
circuit comprising: a parallel arrangement of grain resistance
(Ry), grain capacitance (Cg), and a constant phase element
(CPEg) representing distributed capacitance due to grain
microstructure, in series with a parallel arrangement of grain
boundary resistance (R,p,) and its associated CPE (CPEy,), was
employed. The excellent fit between experimental data and this
circuit model (Fig. 2(a)) validates the interpretation that both
grain and grain boundary effects significantly influence the
overall electrical response.

An intriguing observation is the increase in both grain and
grain boundary resistances with temperature (Fig. 2(b)), which
diverges from typical metallic or ionic conductor behavior but
aligns well with thermally activated semiconductors exhibiting
defect-modulated conduction pathways.” This phenomenon
may be linked to oxygen vacancy dynamics, where post-
synthesis annealing reduces vacancy concentration, increasing
activation energy barriers for conduction (measured here as
1.01 eV, Fig. 2(b) (inset)). The elevated activation energy indi-
cates that electrical conduction primarily occurs through
hopping between localized states associated with defect centers,
specifically oxygen vacancies and vanadium oxidation state
fluctuations.**

Dielectric spectroscopy reveals compelling features that
further elucidate charge transport and polarization mecha-
nisms. The capacitance-frequency profiles (Fig. 2(c)) demon-
strate an increase in low-frequency capacitance with
temperature, accompanied by enhanced dispersion. This
phenomenon is generally explained by space charge polariza-
tion, where charges accumulate at grain boundaries and inter-
faces; this effect intensifies as increased thermal energy
enhances carrier mobility. The linear decrease in capacitance at
intermediate frequencies corresponds to diminishing space
charge effects, while near-zero capacitance at high frequencies
reflects the inability of slower polarization processes to follow
the alternating field, leading to a temperature-independent
high-frequency dielectric response.*®**

The bulk DC conductivity (oq4.) of LiVO; was extracted from
impedance spectroscopy measurements by using the bulk
resistance (R) obtained from the equivalent circuit fitting, with
the following relation:*

RS (1)

Tdc =

where e is the pellet thickness, S is the electrode area, and R is
the bulk resistance. The temperature dependence of g4
demonstrates a clear Arrhenius-type behavior, described by:

_E,
04 *T = A exp (kB_T) (2)

where E, is the activation energy for conduction, 4 is the pre-
exponential factor and kg is Boltzmann's constant.

RSC Adv, 2025, 15, 32248-32262 | 32251
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(a) Nyquist plot with equivalent circuit representation of LiVOs. (b) Temperature dependence of grain (Rg) and grain boundary (Rgp)

resistances (inset: plot of In(Rqy/T) vs. 1000/7). (c) Frequency dependence of capacitance at different temperatures. (d) Variation of In(ogc) as

a function of temperature.

From the Arrhenius plots (Fig. 2(d)), activation energies for
conduction were determined as approximately 0.86 eV for grain
(bulk), 0.77 eV for grain boundary, and 1.1 eV for the overall
conductivity. The comparatively higher activation energy for
overall conduction, relative to individual grain and grain
boundary conduction values, highlights the significant influ-
ence of grain boundaries and interfaces in impeding charge
transport across the bulk material.*** This separation of grain
and grain boundary resistances—a seldom addressed aspect in
previous LiVO; literature—emphasizes the critical role of
microstructural control and defect engineering in governing
charge mobility.

The observed thermally activated conduction mechanism is
consistent with ionic hopping of lithium cations through the
one-dimensional channels formed by corner-sharing VO,
tetrahedra and edge-sharing LiOs octahedra within the mono-
clinic LiVO; lattice. The dimensions and connectivity of these
diffusion tunnels, alongside the polarizability of lithium ions
and redox flexibility of vanadiumspecies (V**/V**/V°"), facilitate
the mixed ionic-electronic conduction critical for battery
applications.*

Together, these electrical and dielectric findings not only
confirm the inherent semiconductor character of LiVO; but also
shed light on the critical roles of microstructure, defect chem-
istry, and interfacial phenomena. The pronounced grain

32252 | RSC Adv, 2025, 15, 32248-32262

boundary contribution is particularly significant, as it suggests
that optimizing grain boundary composition, morphology, or
introducing targeted dopants could substantially enhance
electrical conductivity and reduce capacity fading during
battery cycling.

3.4. Electrical conductivity analysis

The AC conductivity (,.) of LiVO3, as depicted in Fig. 3(a),
demonstrates a pronounced frequency dependence that can be
clearly divided into two distinct regimes corresponding to
different conduction pathways in the material. At lower
frequencies, the conductivity profile exhibits a near-constant
plateau, which we attribute primarily to the grain boundary
response. Grain boundaries in polycrystalline ceramics often
act as resistive barriers or trapping regions that impede charge
carrier mobility, resulting in suppressed conductivity at low
frequencies where carriers have sufficient time to interact and
become localized. This behavior leads to the formation of space
charge regions and ionic atmospheres at grain boundaries,
contributing to charge accumulation and polarization effects
that dominate the low-frequency response. The relative invari-
ance of conductivity in this regime suggests that charge carriers
encounter steady, frequency-independent barriers associated
with these microstructural features.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Frequency dependence of the ac conductivity at various
temperatures. (b) Temperature dependence of the frequency
exponent s.

Conversely, at higher frequencies, conductivity increases
progressively with frequency, indicating a transition to grain
(bulk) dominated conduction. This dispersive behavior arises
because, at increased frequencies, the alternating electric field
oscillates rapidly enough to enable charge carriers to hop or
tunnel between localized states within the grains before they are
impeded by grain boundary barriers. Such frequency-dependent
conductivity reflects the dynamic relaxation of the ionic atmo-
sphere surrounding charge carriers, a process rooted in their
ability to respond to varying electric fields through hopping and
reorientation. This relaxation reduces the effective impedance
to carrier motion, enabling enhanced conduction within the
grains at elevated frequencies.

The dual nature of this AC conductivity behavior—
frequency-independent plateau at low frequencies transitioning
to frequency-dependent dispersion at high frequencies—is
hallmark evidence of the heterogeneous electrical environment
in LiVO;. It neatly illustrates the coexistence of microstructural
influences, where grain boundaries act as bottlenecks at low
frequencies, while intrinsic grain properties govern conduction
at higher frequencies.’*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Importantly, this frequency dependence aligns with
Jonscher's universal power law, which mathematically captures
such behavior in a wide class of disordered and polycrystalline
materials. The power law is expressed as:*

[ 0T’ W?

- 1+ 2w? 1+ 120?

Tac(W) + Aw’ (3)
where o, represents the conductivity in the lower frequency
range, while o, estimates conductivity at the higher frequency
range. The parameter 7 denotes the typical relaxation time, A is
a constant temperature dependent, and s denotes the power law
exponent, which indicates the strength of the interaction
between the environment and mobile ions. In LiVOj;, the
increase in conductivity with frequency (observed at frequencies
above the grain boundary dominated regime) closely follows
this power law, indicating relaxation processes governed by
hopping conduction.

Physically, the exponent s embodies the dynamics of charge
carrier hopping over potential barriers or between localized
states whose distribution is influenced by structural disorder,
defects, and microstructural features such as grain boundaries
and porosity. As frequency increases, carriers access more
pathways with reduced impedance via hopping, leading to the
observed conductivity enhancement. Additionally, the ionic
atmosphere—representing the local polarization fields and
space charge regions around an ion—relaxes more rapidly
under high-frequency excitation, facilitating ionic hopping
which manifests as frequency-dependent dispersion.

To further elucidate the conduction mechanism, we
analyzed the temperature dependence of the power-law expo-
nent s. Several theoretical models have been developed to
elucidate AC conductivity mechanisms in disordered materials.
These include the Correlated Barrier Hopping (CBH), Non-
Overlapping Small Polaron Tunneling (NSPT), Overlapping
Large Polaron Tunneling (OLPT), and Quantum Mechanical
Tunneling (QMT) models. Each predicts a characteristic
temperature dependence of s: CBH predicts a decrease of s with
temperature, NSPT an increase, OLPT a non-monotonic trend,
and QMT a nearly temperature-independent s near 0.8.° As
detailed later, our experimental results show a systematic
decrease in s with increasing temperature, which is character-
istic of the CBH model Fig. 3(b). This suggests that charge
transport occurs via thermally assisted hopping over correlated
energy barriers, likely associated with structural disorder and
defect states in the LiVO; matrix;. Drawing on the Correlated
Barrier Hopping (CBH) model, the electrical conductivity in
LiVO; is primarily driven by the thermally activated movement
of charge carriers, such as electrons or polarons, between
localized defect states or sites within the crystal lattice. In this
model, charge carriers must surmount distinct coulombic
energy barriers linked to structural defects or trap centers to
transition between these sites. Initially proposed by Pike in 1972
to explain single-electron hopping, the CBH model was later
refined by Elliot in 1977 to include the simultaneous hopping of
two electrons, known as bipolarons.*”

RSC Adv, 2025, 15, 32248-32262 | 32253
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To describe the AC conductivity and derive the power-law
exponent s in the (CBH) model, the following equation is
employed:

6kgT ) )

s(T)y=1- (WM + kg T In(wro)

Here, Wy denotes the energy required to move a charge carrier
from one site to another, 7, denotes the characteristic relaxation
time, and kg is Boltzmann's constant. When in the specific case
where Wy > kT In(w1,), the equation reduces to:

S(T)=1- (6;;*5)

(5)

This simplified form illustrates that the value of s(7)
decreases linearly with increasing temperature, with the slope
determined by the ratio of 6 kg to the binding energy Wy,. This
relationship is central to the CBH model, as it highlights the
role of thermal activation and the energy barrier in the hopping
process.

The electrical conductivity according to CBH model is
described by:**

nleeg NN, wR,*
T ©)

Oac =

In these expressions, e represents the electronic charge, R,
stands for the hopping distance, ¢ and ¢, are the dielectric
constants of the material and free space, respectively, NNp is
directly related to the square of the concentration of states, and
n indicates the number of participating electrons, with n = 1
corresponding to single-polaron hopping and n = 2 for bi-
polaron hopping.

Within the CBH framework, the polaron population NN,
depends on the hopping mechanism as follows:

NN,, = N-T*(for bipolaron hopping).

NN, = N-T° exp(—Ues/2kT) (For single-polaron hopping).

Where N is a proportionality constant representing the
effective density of localized hopping sites available for
conduction, and U, is the effective Coulomb repulsion energy
that acts as an energetic barrier reducing the number of free
polarons able to hop.

Moreover, R,, can be presented by:

&= (st o) v

Fig. 4(a) illustrates the variation of AC conductivity (In(o,¢))
as a function of inverse temperature (1000/7) for the LiVO;
sample. The AC conductivity is well-described by a single
conduction mechanism involving single-polaron hopping. The
theoretical values (represented by lines) closely match the
experimental data (shown as symbols), indicating that this
model provides a straightforward and effective approach to
capturing the approximate frequency dependence of AC
conductivity. The variables involved in the fitting procedure are
detailed in Table 1. The negative effective energy suggests
a strong electron-phonon interaction.
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Fig. 4 (a) AC conductivity of LiVO3 vs. 1000/T at various frequencies,
fitted to the correlated barrier hopping (CBH) model. (b) The
temperature dependence of R,, (A) of LiVOs at different indicated
frequencies.

Depicted in Fig. 4(b) is the temperature-dependent behavior
of the hopping distance R, across various frequencies, as
derived from the CBH mode. The estimated hopping distances
(~3.2-3.35 A) closely correspond to the Li-Li interatomic
distances within the crystal lattice, confirming that charge
carriers predominantly hop between adjacent lithium sites
coordinated by oxygen ions. This empirical finding aligns well
with theoretical and experimental studies demonstrating that
small polaron hopping in transition metal oxides (TMOs) typi-
cally occurs over metal-oxygen-metal interatomic distances.*>*°

Table 1 AC conductivity parameters at various frequencies

Frequency Uetr N (Er) W

(KHz) (eV) ¢ (ev'm™)  (eV)
CBH model  0.020 —0.0037  0.66 1.1 x10'® 0.41

0.580 —0.0029 8.9 x10'°

1.25 —0.0020 6.8 x10"

20 —0.0010 8.7 x10%°

1250 —0.0009 9.7 x10*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Importantly, the structural framework formed by inter-
connected VO, tetrahedra and LiOs octahedra not only defines
the lithium migration pathways but also significantly influences
polaron localization and hopping energetics due to local vari-
ations in the electronic environment and lattice distorsions
(Table 2).

Within this framework, lithium ions occupy multiple crys-
tallographically distinct sites, designated as Li0 through Li7,
which collectively form a network of one-dimensional diffusion
pathways aligned along specific crystallographic directions.
These interconnected channels facilitate facile lithium-ion
migration across the lattice by providing continuous conduc-
tion corridors characterized by relatively low migration energy
barriers, thereby energetically favoring Li" ion hopping between
adjacent interstitial or vacancy sites.

Embedded within a robust matrix of vanadium-oxygen
octahedra, the crystal structure is further stabilized by mixed
valence V**/V>" centers, which facilitate polaronic conduction
that complements ionic transport. Moreover, the distortion
characterized by the monoclinic angle 8 = 111.5° modulates
the connectivity and dimensionality of lithium diffusion chan-
nels, enhancing anisotropic ionic mobility. This anisotropy may
result in direction-dependent conductivity, beneficial for tar-
geted design and optimization of battery electrode materials.
The presence of multiple lithium sites with distinct crystallo-
graphic environments also implies a distribution of site ener-
gies, enabling variable-range hopping conduction at elevated
temperatures consistent with experimentally observed ther-
mally activated transport mechanisms.

In addition to these intrinsic structural and electronic
factors, the close spatial proximity of lithium sites within di-
storted octahedral and tetrahedral coordination polyhedra
promotes strong coupling between ion migration and lattice
vibrations. This dynamical interplay stabilizes polaron hopping

View Article Online
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and lithium diffusion through lattice relaxation processes,
ultimately enhancing the overall electrochemical performance
of LiVO; as a cathode material. Collectively, the well-defined
monoclinic crystal architecture, combined with the congru-
ence between hopping distances and lattice parameters
demonstrated in Fig. 4(b), provides a compelling structural and
mechanistic template for efficient lithium-ion conduction via
reduce polaron hopping barriers in vanadates, potentially
enhancing conductivity.**

Dielectric measurements reinforcing grain boundary relax-
ation phenomena corroborate the view that microstructure
critically affects overall transport and suggests that dense, well-
connected grains with minimal grain boundary resistance can
significantly boost device performance. This is consistent with
comparable studies on LiFePO, and LiMn,0,, where grain
boundary engineering via sintering or coating markedly
improves lithium conductivity.*> Notably, dielectric constant
values in LiVO;, combined with the CBH model fitting param-
eters, allow quantification of hopping energetics that dovetail
with structural bond lengths, providing a physically consistent
picture of polaronic transport supported at the atomic scale.

In summary, our comprehensive conductivity analysis firmly
positions LiVO; within the family of lithium transition metal
oxides dominated by polaronic, hopping-based charge trans-
port modulated by crystal structure and microstructural defects.
Its anisotropic layered structure, multivalent vanadium chem-
istry, and pronounced grain boundary effects differentiate it
from other TMOs but also offer tunable avenues for engineering
improved electrical and ionic conductivities critical for next-
generation lithium-ion battery cathodes.

3.5. Investigation of dielectric behavior

The electric modulus formalism is a powerful tool for investi-
gating electrical transport mechanisms in solid-state materials,

Table 2 Comparative overview of LiVOz synthesis ethods, key features, and reported performance

Synthesis method Reference Key parameters Advantages/characteristics Performance notes
Sol-gel 60 Annealing at 450 °C Best electrochemical Optimal performance after
performance for LVO-450 annealing at 450 °C
Sol-gel (with sync- 61 Simple evaporation Simultaneous formation of Improved electrochemical
carbonization) approach, sync- carbon layer and LiVO; performance due to carbon
carbonization coating
Ball milling + solid-state 62 Synthesis at 350 °C Low crystallization, small Optimal performance at
reaction particle size 350 °C, good cycling stability
Soft chemistry + calcinations 63 Fabrication at 350 °C Small particles (500 nm to 1 Good performance, high
pm) discharge capacity, good rate
capability and cyclic stability
Hydrothermal + N, 64 Hydrothermal method, Better performance than air- Post-synthesis annealing
annealing annealing under nitrogen annealed LiVO; under N, enhances
atmosphere properties
Solid-state reaction (this This work Heating at 573 K for 8 h, High phase purity, Thermally activated

work)

sintering at 1073 K for 10 h,
intermediate grinding and
pressing

© 2025 The Author(s). Published by the Royal Society of Chemistry

monoclinic C2/c structure,
needle-like morphology,
controlled agglomeration

conduction, distinct grain/
grain boundary activation,
strong polaron hopping
conductivity, favorable
dielectric behavior for Li-ion
batteries
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particularly for separating relaxation processes originating from
grains (bulk), grain boundaries, and electrode-material inter-
faces. It also provides valuable insight into charge carrier
dynamics, ion-hopping processes, and dielectric relaxation
behavior.*

Mathematically, the complex electric modulus M* is defined
as the inverse of the complex permittivity ¢*, and it can be
calculated using the experimentally measured impedance data
as follows:

M¥(w) = M + jM" = wCyZ" + joCyZ' (8)

where M’ (real part) = wCoZ", M"(imaginary part) = wCoZ', w =
angular frequency = 2xtf, C, = geometrical capacitance = ¢, x
Ald (eo = permittivity of free space, A = area of electrode surface,
and d = thickness).

Fig. 5 presents the complex modulus plot (M” versus M) for
LiVO3, showing two separate semicircular arcs that correspond
to the relaxation processes of the bulk grains and the grain
boundaries. This observation is consistent across the tempera-
ture range studied and matches the Cole-Cole semicircles seen
in impedance spectra, confirming that both microstructural
regions contribute significantly to the overall electrical
behavior. Such behavior reflects a non-Debye relaxation mech-
anism, characterized by a distribution of relaxation times likely
due to structural heterogeneities and defect states within the
ceramic.

A more detailed investigation of the frequency dependence
of the imaginary components of impedance and modulus,
namely —Z"(w) and M"(w), allows for critical insights into the
nature of charge carrier dynamics and relaxation type. When the
peak frequencies of the impedance loss (denoted as Z., ) and
modulus loss (M. ) coincide, this indicates a dominant long-
range carrier motion consistent with ideal Debye relaxation
and delocalized transport. However, a mismatch or frequency
shift between these peaks reveals localized or short-range
hopping conduction, characteristic of non-Debye relaxation.**
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Fig. 5 Variation of M" vs. M'.
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For LiVO;, at elevated temperatures such as 653 K,
a pronounced mismatch between M, . and Z, _ peak
frequencies is observed (see Fig. 6), signifying that polarons
undergo short-range hopping rather than long-range conduc-
tion. This deviation from ideal Debye behavior highlights
strong electron-phonon coupling and possible trapping or
localization effects induced by microstructural defects or grain
boundary potentials.*®

The temperature-dependent frequency spectra of the imagi-
nary electric modulus component M” (Fig. 7(a)) show slightly
asymmetric peaks that systematically shift to higher frequen-
cies with increasing temperature. This behavior supports the
ionic conductor character of LiVO; where ion mobility
increases thermally. The frequency region to the left of the
M"peak corresponds to ions exhibiting long-range transport,
while to the right, ions remain spatially confined within
potential wells.*®

To quantitatively model this relaxation, the M” data were
fitted using the Kohlrausch-Williams-Watts (KWW) stretched
exponential function, which characterizes relaxation with
a stretching parameter § between 0 and 1.

"

e M, o)

[o-0 ()] o)+ ()]

Values of § less than unity, as shown in Fig. 7(b), confirm
strong dipole-dipole coupling and non-Debye relaxation
behavior, indicative of interacting mobile ions and complex
conduction pathways,*”** the dielectric response of LiVO; is
further described by the complex permittivity:*

e*=¢ —j¢’ (10)
where ¢ and ¢” are the real (dielectric constant) and imaginary
(dielectric loss) components, respectively. Fig. 8§ and 9 show that
both ¢ and ¢” markedly increase at low frequencies, then
gradually decline as frequency rises, eventually plateauing at

®
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Fig. 6 Variation of Z” and M" with Frequency at 673 K for LiVOs.
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high frequencies. This frequency dependence reveals dielectric
dispersion related to the inability of electronic and ionic dipoles
within the grains to respond to rapidly alternating fields at
higher frequencies.

This behavior is characteristic of dielectric dispersion caused
by multiple polarization mechanisms. At low frequencies,
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space-charge and orientation polarizations dominate due to
charge accumulation at grain boundaries and dipole alignment.
The high dielectric constant at low frequencies underscores the
Maxwell-Wagner interfacial polarization effect, where charge
carriers hop between conductive grains separated by less
conductive grain boundaries, effectively forming internal
barrier layers analogous to multi-layer capacitors. As frequency
increases, ionic and electronic polarizations become signifi-
cant, but overall dielectric response diminishes as dipoles
cannot follow rapid field oscillations. This multifaceted polar-
ization behavior confirms complex microstructural influences
on dielectric properties essential for battery cathode
performance.>**

In vanadate ceramics such as LiVO3, the primary contributor
to dielectric polarization is closely linked to the conduction
mechanism within the material. Specifically, this phenomenon
involves hopping conduction of Li" ions between localized sites,
which induces polarization throughout the material matrix.
This ion hopping not only facilitates charge transport but also
leads to accumulation of charge at microstructural interfaces,
such as grain boundaries, thus generating interfacial
polarization.*?

The Maxwell-Wagner interfacial polarization model aptly
describes the observed dielectric behavior of our LiVO; sample
and aligns well with Koop's phenomenological theory of
dielectrics. According to Koop's model, the ceramic material
can be considered as a microcomposite consisting of grains
with relatively high electrical conductivity surrounded by grain
boundaries exhibiting much lower conductivity.®® At low
frequencies, the highly conducting grains dominate the
dielectric response because the charge carriers have sufficient
time to accumulate at interfaces and contribute to polarization.
Conversely, at higher frequencies, the grain boundaries, acting
as resistive barriers, impede charge displacement and hence
substantially influence the dielectric properties.>*

In the sample under investigation, this microstructural
arrangement thus mimics a multilayer capacitor, where

RSC Adv, 2025, 15, 32248-32262 | 32257
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conducting grains form the plates and the less conductive grain
boundaries act as dielectric layers. This model explains the
strong frequency dependence of the dielectric constant,
showing high values at low frequencies due to interfacial
polarization effects, which gradually decrease as the frequency
increases and polarization is suppressed.

Dielectric loss, represented by the loss tangent tan ¢, quan-
tifies the electrical energy dissipated as heat within the dielec-
tric material under an alternating electric field, and is critical
for evaluating material efficiency in energy storage and transfer
applications. The dielectric loss is mathematically related to
both the real (¢/) and imaginary (¢”) components of the dielec-
tric constant by the equation:*

&
tan 6 = —
&

(11)

Fig. 10 presents the frequency dependence of the dielectric
loss tangent (tand) of LiVO; ceramic measured at various
temperatures. The loss tangent decreases with increasing
frequency, indicating the diminishing ability of charge carriers
to follow rapidly oscillating electric fields at higher frequencies,
thereby reducing dielectric energy dissipation. Conversely, tan
0 increases with rising temperature due to thermally activated
charge carriers that enhance ionic hopping and conduction
mechanisms, leading to greater dielectric loss. This behavior
reflects the complex interplay between charge carrier mobility
and polarization mechanisms in the material.>®

The observed frequency and temperature dependence of tan
6 can be understood through the Maxwell-Wagner interfacial
polarization model paired with Koop's phenomenological
theory, which interprets the ceramic as consisting of highly
conductive grains separated by grain boundaries exhibiting low
conductivity. At low frequencies, charge carriers accumulate at
grain boundaries due to their higher resistivity, resulting in
increased dielectric loss. As frequency increases, these

tangd

T T T T T
10° 10 10° 10° 10* 10° 10° 107
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Fig. 10 Frequency dependence of tan(d) at several temperatures.
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interfacial charges cannot respond quickly, causing a reduction
in loss tangent. Temperature elevation increases the concen-
tration and mobility of charge carriers, particularly through
hopping of Li* ions, thereby enhancing energy dissipation.

These insights from Fig. 10 complement and reinforce the
earlier observations from the dielectric constant and electric
modulus analyses, which collectively highlight the non-Debye
relaxation behavior dominated by grain and grain boundary
heterogeneity. Understanding how tan ¢ evolves with frequency
and temperature is crucial for optimizing LiVO; ceramics as
lithium-ion battery cathodes, where balancing ionic conduc-
tivity and minimizing dielectric losses are key for improved
electrochemical performance and energy efficiency.

Beyond these dielectric and conductivity insights, it is also
important to place our results in the broader context of recent
cathode material developments. Recent advances in layered and
oxide-based cathodes demonstrate the importance of tailoring
structure and electronic states to optimize energy storage
performance. For instance, it has been reported that multiple
cation substitution can induce an order-to-disorder transition,
enabling quasi-zero-strain behavior in layered oxide cathodes.””
In a related work, interlayer entropy engineering was shown to
activate high-voltage redox reactions in symmetry-broken
layered oxides.*® Similarly, in aqueous zinc-ion systems, engi-
neering the oxygen p-band center was found to significantly
enhance proton intercalation in 6-MnO,.” These studies high-
light innovative design strategies to optimize layered and
manganese-based oxides for high-performance batteries.

By contrast, our work focuses on LiVO3;, a vanadium-based
monoclinic oxide that has been relatively underexplored.
Unlike the above strategies that rely on cation substitution or
band-center engineering, our novelty lies in a systematic anal-
ysis of electrical transport and dielectric behavior in LiVO;.
Specifically, we quantify separate activation energies for grain
(0.86 eV) and grain boundary (0.77 eV) conduction, reveal
single-polaron hopping as the dominant AC conduction
mechanism, and identify pronounced non-Debye relaxation
linked to microstructural effects. These mechanistic insights,
which have not been reported for LiVO;, complement the
structural and electrochemical engineering approaches devel-
oped for layered and Mn-based oxides. Together, such studies
collectively enrich the understanding of cathode materials by
combining structural design with fundamental transport and
dielectric analysis.

The experimental results further demonstrate that the
structural and functional properties of LiVO; strongly depend
on synthesis conditions. Our solid-state synthesis—precursor
heating at 573 K for 8 hours, followed by sintering at 1073 K for
10 hours with intermediate grinding and pressing—yields
a high-purity monoclinic C2/c phase with elongated needle-like
morphology and controlled grain agglomeration. This method
achieves robust electrical performance, evidenced by the
quantified grain and grain boundary activation energies,
pronounced polar on hopping conduction, and favorable
dielectric responses. Compared with sol-gel or hydrothermal
methods, which often produce smaller particle sizes and
enhanced electrochemical cycling but require more complex,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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costly, or time-consuming processing, the solid-state route
offers a more economical, scalable, and reproducible pathway.
It balances crystallinity, morphology control, and electro-
chemical relevance effectively, making it a practical synthesis
choice.

Together, these results illustrate how combining funda-
mental transport and dielectric analysis with informed
synthesis strategies provides a complementary perspective to
structural and electrochemical design approaches in cathode
materials.

4 Conclusion

In this work, LiVO; was successfully synthesized via the solid-
state reaction method, and its structural, microstructural, and
electrical properties were systematically investigated. XRD
analysis confirmed the formation of a phase-pure material with
well-defined crystallinity, while SEM observations revealed
a homogeneous microstructure with interconnected grains.
Impedance and conductivity studies demonstrated NTCR-type
semiconducting behavior, where both grain and grain
boundary contributions were evident, with grain boundary
resistance consistently higher than grain resistance. The AC
conductivity spectra revealed two distinct regimes correspond-
ing to long-range and localized conduction processes, and the
activation energies derived from Arrhenius analysis provided
further insight into the thermally activated nature of ionic
transport. Dielectric studies confirmed strong frequency and
temperature dependence, characteristic of hopping and inter-
facial polarization mechanisms.

Importantly, this study highlights the intrinsic correlation
between synthesis, structure, and functional properties. The
solid-state reaction route employed here yielded phase purity
and favorable grain connectivity, which directly influenced the
impedance response and charge transport pathways. Literature
comparisons indicate that alternative synthesis approaches
(e.g., sol-gel, hydrothermal, ultrasonic-assisted methods) can
significantly alter morphology, crystallite size, and defect
chemistry, thereby impacting conductivity and dielectric
behavior. Our results thus establish the solid-state method as
a reliable baseline for correlating structural integrity with
electrochemical performance in LiVO;.

Given the potential toxicity of vanadium compounds, proper
safety protocols must be followed during the synthesis,
handling, and disposal of LiVO; to mitigate environmental and
health risks. Future work will focus on systematically
comparing different synthesis methods to further unravel the
structure-property relationships and optimize LiVO; for
potential energy storage and solid-state electrolyte applications.
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