
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/5

/2
02

6 
7:

21
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Solid-state synth
aLaboratory of Spectroscopic Characteriza

Sciences, University of Sfax, B.P. 1

sourourbenyahia09@gmail.com
bCNRS, CEA, INSA CVL, GERMAN UMR 7347

de la Chocolaterie CS 32903, 41029, France

Cite this: RSC Adv., 2025, 15, 9295

Received 17th February 2025
Accepted 17th March 2025

DOI: 10.1039/d5ra01165e

rsc.li/rsc-advances

© 2025 The Author(s). Published by
esized Li4GeO4 germanate: an
exploration of its structure, vibrational
characteristics, electrical conductivity, and
dielectric properties

Sourour Ben Yahya, *a Iheb Garoui,a Mustapha Zaghrioui,b Abderrazek Oueslati a

and Bassem Louatia

Orthogermanate materials have obtained considerable interest due to their unique physical and chemical

properties, enabling diverse applications in the field of optoelectronics. This study explores the synthesis,

vibrational properties, and electrical conduction mechanisms of the ceramic compound Li4GeO4. The

sample was successfully synthesized using a high-temperature solid-state reaction. The Li4GeO4

compound crystallizes in the orthorhombic system (Bmmb space group). The morphological distribution

and grain size of the titled compound were analyzed using SEM studies. The crystal structure was

examined using Raman spectroscopy, confirming the presence of the functional group [GeO4]
4−.

Additionally, a detailed analysis of Nyquist plots demonstrates the sensitivity of the material's electrical

characteristics to variations in frequency and temperature. Applying Jonscher's power law to the ac

conductivity versus temperature reveals a change in the exponent “S”, which is explained by a change in

the conduction mechanism, and consistent with the OLPT model below 573 K and the CBH model

above. Utilizing the Maxwell–Wagner effect as proposed by the Koop phenomenological theory, the

thermal variation of permittivity has been analyzed. The compound exhibits low dielectric loss values and

a high permittivity (3 ∼ 106 F m−1). Additionally, its electrical capacitance reaches a promising value of

123 mF at 673 K, making it a strong candidate for energy storage applications, such as lithium-ion batteries.
1. Introduction

Orthogermanate materials with the chemical formula A2MGeO4

(where A = K, Li, Na, Cs, Rb and M = Zn, Co, Mg, Mn) have
gained increasing attention due to their fascinating physical
applications, including their use in supercapacitors,1 solid
electrolytes for batteries,2,3 and dielectrics.4 Sodium-ion and
lithium-ion batteries, in particular, are popular for their high
performance, notably their high specic capacity. These mate-
rials have also garnered signicant interest for applications in
optoelectronic devices, including light-emitting diodes (LEDs),
solar cells, lasers, detectors, and photodetectors.5,6 Numerous
studies have concentrated on the metal orthogermanate Na2-
MGeO4 (M = Co, Mn, Fe) as a promising cathode material.7

Ionic conductivity is closely linked to structural rearrangement.
Nonetheless, the maximum energy storage and ionic conduc-
tivity of Li-ion batteries are insufficient to meet society's long-
term needs.8 Since 1965,9 the conductivity of Na2BGeO4 (with
tion and Optical Materials, Faculty of

171, 3000 Sfax, Tunisia. E-mail:

, IUT of Blois, University of Tours, 15 rue

the Royal Society of Chemistry
B = Zn, Co) has been examined across various sodium envi-
ronments, demonstrating that orthogermanate compounds
exhibit excellent conductivity. Recently, numerous studies have
highlighted the impact of Co2+ on both structural stability and
the electronic and electrical properties of these materials.
Additionally, the Ag2ZnGeO4 compound is recognized as an
electronic semiconductor with a conductivity of (s60 °C z 1 ×

10−2) (U−1 cm−1).10 Studies by S. Ben Yahya and B. Louati on the
electric properties of A2ZnGeO4 (where A = Li and K) revealed
electrical conductivities of approximately 10−3 U−1 m−1 for
K2ZnGeO4 and 10−5 U−1 m−1 for Li2ZnGeO4. (ref. 11 and 12)
This paper details the synthesis and structural characterization
of the Li4GeO4 compound. Given that this material has not been
extensively studied previously, this investigation provides
a comprehensive analysis of its electrical and dielectric prop-
erties. To examine the dielectric characteristics, we employ
impedance spectroscopy, a practical and effective technique.
The dielectric study, which varies with frequency and temper-
ature, offers valuable insights into the conduction mechanisms,
loss factor, permittivity, and localized charge carriers. Although
there is limited literature on AC conductivity and dielectric
relaxation for this material, our study rigorously explores these
aspects, focusing on conductivity, electrical modulus, and
RSC Adv., 2025, 15, 9295–9304 | 9295
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impedance spectroscopy. The results are analyzed using various
theoretical models. Moreover, our paper includes in-depth
discussions on the dielectric constant, dielectric loss, AC and
DC conductivity, as well as the electrical modulus and imped-
ance analysis of the Li4GeO4 sample.
2. Experimental section

The ceramic compound Li4GeO4 was synthesized through
a conventional solid-state reaction method. Starting materials
included high-purity raw powders of Li2CO3 and GeO2 (∼99%,
Sigma Aldrich). The raw materials were weighed according to
their stoichiometric ratios according to the reaction below (eqn
(1)) and thoroughly mixed for 1 hour using an agate pestle and
mortar. The obtained powder was then calcined in an alumina
crucible at 400 °C for 15 hours, followed by calcination at 600 °C
for an additional 15 hours to ensure complete dehydration of
the product. Following a second grinding and drying process,
the powders were compacted into cylindrical pellets measuring
1.2 mm in height and 8 mm in diameter. These pellets were
subsequently sintered at 800 C° for 15 hours (Fig. 1).

2Li2CO3 + GeO2 / Li4GeO4 + [2CO2 (1)

The obtained pellet was reground to obtain a powder to carry
out the characterizations using XRD, SEM and Raman tech-
niques. The Powder X-ray Diffraction (PXRD) experiment for
Li4GeO4 was conducted at room temperature using a Bruker D8
ADVANCE diffractometer equipped with Cu Ka radiation (l Ka

= 1.5406 Å) over a wide 2q angular range. The structure of the
title compound was determined using the FullProf soware
through direct methods, and the atomic positions were rened
with a full-matrix least-squares method.13 The microstructure
and grain distribution were examined using a Scanning
Fig. 1 Schematic representation of the Li4GeO4 synthesis via the solid-

9296 | RSC Adv., 2025, 15, 9295–9304
Electron Microscope (Zeiss ULTRA) equipped with 0 energy-
dispersive system: INCA-X (Oxford Instruments). The Raman
spectra were recorded at room temperature in the 100–
1000 cm−1 range on a Renishaw Invia reex spectrometer using
a 10 mW laser power with a wave length of 633 nm. The elec-
trical measurements were accomplished using A Solartron 1260
impedance examined by a microcomputer in the frequency and
temperature range from 0.1 Hz to 10 MHz and (413–673) K,
respectively. To achieve the precise contact, pellets are masked
on the opposite surfaces with a thin layer of gold and were xed
between two copper electrodes in a special holder.
3. Results and discussion
3.1. X-ray diffraction and crystal structure

The X-ray diffraction pattern of the title compound at room
temperature is shown in Fig. 2(a). The Rietveld renement was
performed to receive the detailed information about the crystal
structure. The absence of impurity peaks and secondary phases
indicates that we have successfully created a pure and high-
quality sample. Based on JCPDS 01-072-1587 for Li4GeO4 all
the diffraction peaks associated with the 2q values have been
accurately indexed in the orthorhombic system, specically
within the Bmmb space group. The quality factor, which reects
the strong correspondence between the experimental (red
points) and theoretical (black solid line) proles, is c2 = 1.26,
while the reliability factors are within acceptable ranges, with Rp

= 10.5% and Rwp = 12.6%. From the renement results, the cell
parameters were determined to be a= 7.768(0) Å, b= 6.005(1) Å,
c = 7.369 (1) Å, and the volume V = 346.676(1) Å3. These
parameters are in good agreement with those found by Von H.
Völlen Kle.14 The crystal structure of our compound is shown in
Fig. 2(b). It contains two distinct Li+ positions, in each site the
Li+ ion is coordinated to four O2− ions forming distorted LiO4

tetrahedra that share corners with four equivalent GeO4
state method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The Rietveld refinement was performed on the X-ray powder diffraction pattern of Li4GeO4 that was sintered at 800 °C, and (b) the
crystal structural of Li4GeO4.
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tetrahedra, other corners with six LiO4 tetrahedra, and edges
with three LiO4 tetrahedra. The Li–O bond lengths in the rst
site range from 2.01 to 2.14 Å, while in the second site, the
shorter Li–O bonds range from 1.93 Å to 1.98 Å. Additionally,
the Ge4+ ion is bonded to four O2− ions to create GeO4 tetra-
hedra that share corners with the LiO4 tetrahedra, exhibiting
two shorter Ge–O bond lengths of 1.78 Å and two longer bond
lengths of 1.79 Å.

The average crystallite size of our compound was determined
using the Debye–Scherrer equation:

DSC ¼ 0:9

b cos q
(2)
Fig. 3 (a) SEM image of title compound; (b) grain size distribution histog

© 2025 The Author(s). Published by the Royal Society of Chemistry
Here, q represents the diffraction angle, and b denotes the half-
height width (FWHM) of the diffraction peak. The wavelength of
the X-rays used is l = 1.5406 Å. We employed the most intense
XRD peak (111) within the 2q range of 10–70° to determine b,
resulting in a crystallite size value of DSC = 73 nm.
3.2. Scanning electron microscopy and Raman spectroscopy

The SEM and EDX techniques were employed to investigate the
composition and morphology of our sample. The SEM analysis
highlights essential microstructural features, including grain
size, surface morphology, and porosity, which critically inu-
ence charge transport pathways. In particular, grain boundaries
ram and (c) the elemental analysis by EDX.

RSC Adv., 2025, 15, 9295–9304 | 9297
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and surface textures impact charge carrier scattering, contrib-
uting to variations in electrical conductivity.15 Additionally,
specic microstructural characteristics may be linked to the
relaxation phenomena observed in the impedance data.
Fig. 3(a) illustrates the formation of uniformly distributed,
randomly oriented ne grains (Gs) separated by well-dened
grain boundaries (GBs). While the grains appear largely
homogeneous, their size distribution is non-uniform and falls
within the sub-micron range. This heterogeneity likely arises
from the sintering process, where low activation energy facili-
tates shis in GBs within the sample.16 Such shis lower the
system's total free energy, thereby inuencing the dynamics of
grain growth. Consequently, the uneven grain size distribution
results from cation diffusion across the boundaries, as recrys-
tallization does not occur concurrently with the sintering
process.17 The average grain size was determined using ImageJ
soware, and the results are presented as a histogram in
Fig. 3(b). This histogram shows that the particle sizes primarily
fall within the range of 0.2 to 1.1 mm, with an average size of 0.64
mm. As illustrated in Fig. 3(c), the EDX spectrum indicates the
presence of various elements, including oxygen and germa-
nium. Notably, lithium is absent from the spectrum in Fig. 3(c),
despite having the same atomic number as beryllium, which is
the reference element used for this compound.5 The average
grain size calculated from the SEM images is larger than that
determined by the Debye–Scherrer formula. This discrepancy
arises because scanning electron microscopy provides the
Fig. 4 The Raman spectrum of Li4GeO4 at room temperature.

Table 1 The experimental Raman-active modes of Li4GeO4 ceramic

Band Wavenumber (cm−1) Assignments

1 100.19 T Ge/Ge
2 175.19 T Li/Li
3 199.14 T Ge/Ge
4 300.35 R + T Li/Li
5 363.87 R + T Li/Li
6 503.99 d O–Ge–O
7 729.53 n3 GeO4

8 743.53 n3 GeO4

9 762.15 n1 GeO4

9298 | RSC Adv., 2025, 15, 9295–9304
average size of secondary particles, while X-ray diffraction
analysis of the line prole reveals the size of primary particles.
Each secondary particle observed by SEM is composed of
a signicant number of primary particles, and the resolution of
X-rays enables accurate calculation of these primary particle
sizes.18

Fig. 4 displays the intensity variation of the Raman spectrum
as a function as wavenumber within the range of 100–
1200 cm−1. Based on other results in the literature, the Raman
bands of orthorhombic Li4GeO4 can be classied into three
distinct regions.19,20 Some vibrational modes were not detect-
able because of the overlap among the Raman-active modes.
The assignments for the Li4GeO4 ceramic sintered at 800 °C can
be found in Table 1.
3.3. Complex impedance spectroscopy study

The modeling process for complex impedance is extremely
valuable for identifying the individual contributions of ionic
conduction from grain and grain boundary in the material
being studied. Fig. 5(a) illustrates the Nyquist plots of the
ceramic Li4GeO4 across a temperature range of 413 to 673 K.
These spectra show that as the temperature rises, the diameter
of the semicircle diminishes, illustrating the thermally acti-
vated conduction process.21 These plots indicate that the
material behaves like a typical ceramic, characterized by more
resistive grain boundaries compared to the grains. Additionally,
the semicircle shows some depression (i.e., the centers of the
semicircle are below the abscissa axis) rather than being
centered on the axis, which suggests a distribution of relaxation
times. The electrical processes occurring within the material
have been modeled and are represented by an equivalent elec-
trical circuit that comprises a series combination of two sub-
circuits: the rst is a parallel combination of (Rg//C1//CPE1),
representing the grain contribution, while the second consists
of (Rgb//CPE2), related to the grain boundary contributions. The
Constant Phase Element (CPE) is employed in the equivalent
circuit to account for non-ideal capacitance behavior that may
arise from the presence of multiple relaxation phenomena in
the Li4GeO4 system, which exhibit nearly equal or comparable
relaxation periods.22 Its expression is as follows:12

ZCPE ¼ 1

QðjuÞa (3)

where the parameter a (where 0 # a # 1) represents the devi-
ation from Debye-type behavior in the relaxation mechanism. A
value of zero indicates purely resistive behavior, while a value of
one signies a pure capacitive behavior. Fig. 5(b) and (c) show
the angular frequency-dependent real (Z0) and imaginary (−Z00)
components of the impedance at different temperatures. A
reduction in Z0 with rising temperature suggests a negative
temperature coefficient of resistance.23 This behavior implies
that an enhancement in AC conductivity could be possible,
attributed to an increase in charge carrier mobility and
a reduction in the density of trapped charges. The frequency
dependence of −Z00 shows a peak ðZ 00

maxÞ at every measured
temperature. As the temperature rises, the asymmetric peak of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The −Z00 vs. Z0 curves at various temperatures for Li4GeO4, the solid lines associating the data points are adjusted curves employing an
equivalent circuit model, as depicted in the respective inset. (b) Real (Z0) and (c) imaginary (−Z00) parts of the complex impedance of Li4GeO4 as
functions of angular frequency. (d) Variation of Rg (grain resistance) and Rgb (grain boundary resistance) as a function of temperature.
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Z
00
max shis to higher frequencies and becomes thinner. The

broadening of the peak indicates a distribution of relaxation
times, while the shi toward higher frequencies signies
a reduction in the relaxation time. The behavior of Z0 and –Z00 for
the title compound in the frequency range is consistent with
that observed in other ceramic systems documented in the
literature, such as the compounds K2ZnGeO4 (ref. 11) and
KSr0.5Fe2O4.24 Fig. 5(d) illustrates how the resistance related to
both the grain (Rg) and the grain boundary (Rgb) changes as
a function of temperature. It is important to note that the
resistance near the grain boundary is higher than that of the
grain itself. Generally, the increased disorder and instability in
atomic arrangement at grain boundaries contribute to grain
growth at elevated temperatures. Consequently, both the resis-
tance of the grain and that of the grain boundary decrease as the
temperature rises.25
3.4. Electrical conductivity studies

The electrical conductivity of the compound being studied was
calculated using the measured values of the impedance's real
part Z0 and imaginary Z00 through the following relation:

s ¼
� t

A

�� Z
0

Z02 þ Z002

�
(4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 6(a) displays the angular frequency dependence of the
electrical conductivity as a function of angular frequency at
various temperatures. These spectra reveal the existence of two
regions. The rst region, found at low frequencies, presents as
a plateau and is associated with DC conductivity behavior. The
second region, observed at higher frequencies, is referred to as
the AC conductivity “conductivity scattering area”. This
behavior can be explained by Jonscher's power law:

sac(T,u) = sdc(T) + A(T)uS(T) (5)

where “A” is the temperature dependent factor, u refers to the
angular frequency and S(T) is the power exponent that indicates
the degree of interaction between mobile ions and their
surrounding environment (0 < S < 2). Previous studies reported
various conduction models, primarily categorized into two
distinct processes: classical hopping over a barrier and
quantum tunneling. However, modications have been made
over the years. The nal proposed models include quantum
mechanical tunneling (QMT), correlated barrier hopping (CBH),
non-overlapping small polaron tunneling (NSPT), and over-
lapping large polaron tunneling (OLPT).26,27 These models were
suggested to link the conduction mechanism of AC conductivity
with the behavior of S(T) as a function of temperature. The
thermal evolution of S(T) as shown in Fig. 6(b). It's important to
highlight that in the I region, S decreases with increasing
RSC Adv., 2025, 15, 9295–9304 | 9299
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Fig. 6 (a) The variation of the AC conductivity as a function of frequency at various temperatures for Li4GeO4. Solid lines connecting the data
points illustrate the fitting of the AC conductivity data using Jonscher's power law (eqn (5)). (b) The power exponent (S), (c) the variation of ln(sdcT)
as a function of the inverse temperature at a frequency of 104 Hz, and (d) the variation of the activation energy as a function of frequency.
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temperature until it reaches a minimum, then begins to rise
again before decreasing once more aer the phase transition
temperature. This behavior aligns with the OLPT model. When
the value of S is greater than 1, it suggests that electron hopping
takes place between neighboring sites. In region II, S decreases
with increasing temperature, which is consistent with the CBH
model. In this case, since S is less than 1, it indicates that the
charge carriers exhibit translational motion characterized by
abrupt jumps.12 Fig. 6(c) illustrates the variation of ln(sdc × T)
as a function of 1000/T at 104 Hz as an example. Its
variation shows an increase with rising temperature, following
Arrhenius' law:

sdc ¼ s0

T
exp

��Ea

KBT

�
(6)

In this context, s0 represents the pre-exponential factor, Ea
denotes the activation energy, and KB stands for the Boltzmann
constant. A change in the slope of the DC conductivity curve is
observed at T = 573 K, which closely aligns with the observation
that this modication results from a change in the conduction
mechanism. The activation energy values for charge transport
9300 | RSC Adv., 2025, 15, 9295–9304
obtained from the linear t are Ea1 = (0.73 ± 0.02) eV at low
temperatures and Ea2= (0.58± 0.02) eV at higher temperatures.
The evolution of activation energy as a function as frequency
(Fig. 6(d)) shows that the activation energy decreases as
frequency increases. This reduction in activation energy at
higher frequencies demonstrates that the system exhibits
frequency-activated ionic conductivity. Additionally, the lower
activation energy at these elevated frequencies suggests that
more neighboring sites become accessible during alternating
current (ac) conduction.

3.5. Dielectric properties

Fig. 7(a) illustrates the variation of the dielectric constant (30) as
function as frequency at various temperatures. The materials
studied showed higher 30 = 106 F m−1 values at low frequencies,
suggesting that they would be suitable low-frequency energy
storage candidates.28,29 Moreover, 30 values tend to increase with
temperature at a specic frequency. This article discusses how
thermal activation of charge carriers impacts polarization. The
four main categories of polarization are ionic, orientational,
electronic, and interfacial. In this context, orientational and
interfacial polarizations are considered relaxation components,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Frequency dependence of the dielectric constant (30). (b) Variation of the imaginary part (300) as a function of frequency, fitted using the
universal power law as shown in eqn (7) (inset of figure). (c) Variation of the exponent m(T) as a function of temperature. (d) Frequency
dependence of the loss factor.
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while electronic and ionic polarizations are classied as defor-
mational components of polarizability.30 Koop's phenomeno-
logical theory suggests that the variation of 30 with frequency
can be attributed to Maxwell–Wagner interfacial polarization.
Fig. 7(b) displays the variation of the imaginary part (300) as
a function as frequency. The value of 300 decreases consistently
with the increase of frequency. The imaginary component of the
dielectric constant relates with the energy dissipation in the
compound. Additionally, the frequency-dependent imaginary
component of the dielectric constant is modeled using
a universal power law:

300(T,u) = A(T)um(T) (7)

where A(T) and m(T) represent the temperature-dependent
variables. Fig. 7(c) shows the variation of the exponent m(T) as
a function of temperature. As the temperature increases, the
value of m(T) decreases and approaches −1 (the overall value of
m(T) remains close to −1 across all temperatures), this suggests
© 2025 The Author(s). Published by the Royal Society of Chemistry
that the conduction in title compound is primarily of the dc
type.31 It is worth noting that the exponent m has two distinct
parts: in the rst part, the OLPT model is found, while in the
second part, the CBHmodel is the most adequate. This result is
in good agreement with the ndings from AC conductivity
studies (Fig. 6(b)). The dielectric loss factor measures the
intrinsic loss of electrical energy in a dielectric medium when
an alternating electric eld is applied. The frequency depen-
dence of loss factor for Li4GeO4 at various temperature is shown
in Fig. 7(d). The value of loss factor at low frequency is very high.
The loss factor is signicantly high at low frequencies. As the
frequency increases, the loss factor decreases and approaches
nearly zero beyond 105 Hz, indicating that the hopping of
charge carriers increases with rising frequency. Table 2
compares the permittivity values of the studied compound with
those reported in previous studies, highlighting the potential of
Li4GeO4 as a promising candidate for energy storage
applications.
RSC Adv., 2025, 15, 9295–9304 | 9301
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Table 2 Comparison of permittivity values of the current compound
with previous studies

Compound Temperature (K) 30 (F m−1)

Li2CaGeO4 573 120 (ref. 32)
Na2CoGeO4 573 1.2 × 104 (ref. 33)
Present study 573 1.6 × 106
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3.6. Electric modulus

Fig. 8(a) illustrates the frequency dependence of the imaginary
part of the electrical modulus (M00) at different temperatures
ranging from 413 to 673 K. As the frequency increases, the value
of M00 steadily rises until it reaches a maximum point ðM 00

maxÞ
and then rapidly falls, as depicted in the graph. The shi of the
peak towards higher frequencies with increasing temperature
suggests the occurrence of a relaxation process. The peak's
asymmetrical broadening, which signies non-Debye-type
conduction phenomena, reects the transmission of relaxa-
tion processes within the material. Electrical capacitance is
a key parameter for assessing the performance of ceramic
materials in energy storage applications. Fig. 8(b) presents the
variation of capacitance, measured at constant frequencies and
temperatures, to provide a comprehensive understanding of the
Fig. 8 (a) Variation of the imaginary part of the electric module as a fun

Fig. 9 Variation of −Z00 and M00 as a function of frequency at 413 K (a) a

9302 | RSC Adv., 2025, 15, 9295–9304
studied compound's energy storage behavior. At low frequen-
cies, the capacitance reaches its highest values, exceeding 132
mF at 673 K, making Li4GeO4 a promising candidate for elec-
tronic capacitor systems and energy storage devices, such as Li-
ion batteries, before gradually decreasing with increasing
frequency. The observed capacitance behavior suggests the
presence of interface states, leading to the formation of an
inhomogeneous barrier at the interface.34 Additionally, as
temperature increases, capacitance in the low-frequency region
exhibits a noticeable rise, accompanied by signicant disper-
sion. The nearly linear dependence of capacitance in the
frequency range of 0.1–104 Hz is likely associated with a reduc-
tion in space charge density. Previous studies35,36 have attrib-
uted the temperature-induced capacitance enhancement to
a decrease in bond energies, which facilitates stronger orien-
tational vibrations and weakens interatomic forces, ultimately
contributing to improved capacitance.

The analysis of −Z00 (u) and M00 (u) plots allows for the
determination of the nature of relaxation in a material, whether
it is Debye/delocalized or non-Debye/localized, as well as the
displacement of charge carriers. When the peaks of impedance
and modulus ðM 00

max and Z
00
maxÞ align at the same frequency, it

signies long-range motion. In contrast, a discrepancy between
the two peaks indicates short-range motion in the conduction
process. In Fig. 9(a), a signicant mismatch between M

00
max and
ction of frequency. (b) Frequency-dependent capacitance spectra.

nd 673 K (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Z
00
max peaks is observed at temperature of 413 K. This discrep-

ancy suggests a short-range motion of polarons within Li4GeO4,
deviating from the ideal Debye response. Fig. 9(b) illustrates the
combined modulus and impedance spectra (M00 and−Z00) at 673
K. The maxima of (−Z00 and M00) occur at nearly the same
frequency, it indicates that the relaxation process is inuenced
by the displacement of long-range charge carriers.36 Signi-
cantly, as the temperature increases, the gap between the peaks
decreases, suggesting that the rise in temperature facilitates the
relaxation of polarons into a delocalized state, related to
a Debye-type response.
4. Conclusions

The powder Li4GeO4 was synthesized using a solid-state
method. Several complementary techniques, along with XRPD
analysis, were employed to investigate the surface morphology,
stoichiometry, and purity of the compound. SEM analysis
conrmed the crystalline nature and surface quality of the
powder, indicating that the Li4GeO4 compound is of good
quality. The vibrational analysis conducted with Raman spectra
recorded at room temperature provided insights into the
internal and external vibrational modes of the [GeO4]

4− ions.
The electrical, dielectric, and relaxation properties of the
sample were studied using impedance spectroscopy to charac-
terize the material's intrinsic electrical behavior. Following the
structural analysis, this behavior was interpreted to establish
a connection between the nature of the migrating species and
their impact on the macroscopic properties. The Nyquist plots
revealed the presence of two electrical relaxation phenomena,
indicative of non-Debye-type relaxation, and the observation of
two semicircular arcs suggested a dominant contribution from
the grains. These plots were tted with an equivalent circuit
comprising a series combination of two subcircuits; the rst
was a parallel combination of (Rg//C1//CPE1), representing the
grain contribution, while the second consisted of (Rgb//CPE2),
related to grain boundary contributions. The AC conductivity
was successfully described using Jonscher's power law. The
variation of the deduced S(T) indicates that the OLPT model
effectively interprets the charge transport mechanism in
Li4GeO4 for T < 573 K transitioning to a CBHmodel above 573 K.
Additionally, a change in the slope of the DC conductivity curve
is observed around the same temperature as the phase transi-
tion detected in S(T). The activation energy values of charge
transport are Ea1= (0.73± 0.02) eV (T < 573 K) and Ea2= (0.58±
0.02) eV (T > 573 K). These values were found to stand out for the
interstitial Li+ ions. In the dielectric study, as a function of
angular frequency, the ndings of the electrical study were
conrmed, showing that space charge and free charge
conductivity could be determined through the modied Cole–
Cole plot.
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