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l and ionic conductivity studies of
a lithium cobalt germanate compound

Sourour Ben Yahya, *a Regis Barilléb and Bassem Louatia

A lithium cobalt germanate compound (Li2CoGeO4) was synthesized and studied. The X-ray powder

diffraction pattern demonstrated a monoclinic crystal system with the Pn space group. The morphology

and composition were done by scanning transmission electron microscopy and energy dispersive X-ray

spectroscopy (SEM-EDS). A vibrational study confirmed the existence of the anion (GeO4)
4� and its

vibrations. The estimated value of the direct band gap (Eg) was evaluated at 3.45 eV. The measurements

of the electrical properties were performed in the frequency interval from 100 Hz to 1 MHz and the

temperature range from 553 K to 663 K. The Nyquist plots revealed the existence of a single semicircle

in all impedance spectra due to the grain interior effect. The AC electrical conduction in Li2CoGeO4 has

been explained through several processes, which can be coupled with two different formalisms. The

complex electric modulus studies M*(u) confirmed that the relaxation process is thermally activated.
1. Introduction

Germanium-based ceramic materials with the A2MGeO4 (A ¼ K,
Li, Na, Cs, Rb,. and M¼ Zn, Co, Mg, Mn,.) chemical formula
have obtained growing attention, principally due to their inter-
esting physical applications such as magnetic, catalytic, solid
electrolytic properties for batteries, optics and photocatalysts.1–5 A
lot of research has been done on orthogermanate compounds
with the formula A2MGeO4 (A ¼ Li, Na and M ¼ Zn, Co, Fe, Mn)
and conrmed that this material is a potential cathode due to its
high conductivity,4 taking into account that the ionic conductivity
is highly related to the structural rearrangement. The conduc-
tivity of this type of compound has been studied since the 1960s
with different lithium and sodium environments, revealing that
these materials can offer an almost perfect conductivity.6 The
LISICON compound, Li3.5Zn0.25GeO4, presented an ionic
conductivity higher than 10�1 S cm�1 at 673 K.7 Moreover, the
Ag2ZnGeO4 compound is an electronic semiconductor with s

(60�) ¼ 1 � 10�2 (U cm)�1.8 S. Ben Yahya and B. Louati have
studied the electric properties of A2ZnGeO4 (A ¼ Li and K)
compounds.9,10 They have determined the electrical conductivity
of these materials and estimated them: 10�3 (Um)�1 and 10�5 (U
m)�1 for K2ZnGeO4 and Li2ZnGeO4 respectively. In this work
Li2CoGeO4 (LCG) is studied. This material belongs to the same
family of Li2CoSiO4 (LCS) with a structure derived from Li3PO4.
Recently, the crystal structure, synthesis, and electrochemical
properties of Li2CoSiO4 were widely examined for lithium ion
ion and Optics of Materials, Faculty of

1171, 3000 Sfax, Tunisia. E-mail:

MATRIX, F-49000 Angers, France

14
battery applications.11–14 The goal of this work is to study the
structure of Li2CoGeO4 synthetized by a traditional high
temperature solid state method, in order to determine micro-
structure morphologies, crystal chemical characteristics and
optical properties. In order to better understand the electric
properties as electron and hole transport properties in this solid
electrolyte compound, infrared analysis, X-ray diffraction and
impedance spectroscopy were used for Li2CoGeO4 cathode
materials in future lithium-ion batteries.
2. Experimental
2.1. Synthesis

The Li2CoGeO4 (LCG) material was prepared by a traditional
high temperature solid state method and consists of heating
several solids which react to form the required product. The
mixed lithium cobalt germanate (Li2CoGeO4) was synthesized
in a powder state from starting materials (Li2CO3, Co3O4 and
GeO2) with a high purity (Sigma-Aldrich, 99%) by heating stoi-
chiometric quantities of the starting materials according to the
following reaction:

The homogeneity of the beginning materials was nalized in
the agate mortar and progressively dried up to 673 K for 15 h to
avoid ambient humidity and gases, particularly CO2 evapora-
tion. The obtained black powder was ground again for 8 h and
pressed into 8 mm pellets in diameter and 1 mm in thick using
a 3 ton per cm2 uniaxial pressure and sintered at 1123 K for 15 h
to make the blue (LCG) compound.
2.2. Apparatus

The X-ray powder diffraction (XRD) pattern of prepared ceramic
samples was done at room temperature using a monochromatic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
Cu-Ka radiation (lka ¼ 1.5406 Å) in a wide range of Bragg angles
from 10� to 60�. The crystal structure renement was performed
by the Rietveld analysis15 of the X-ray powder diffraction docu-
ments via the FULLPROF soware.16 The morphology was
investigated by EVO LS10 (Zeiss) scanning electron microscopy
equipped with 0 energy-dispersive system: INCA-X (Oxford
Instruments). The IR spectroscopic analysis was realized with
an “FT-IR PerkinElmer” spectrometer in a wide range of wave-
number from 400 cm�1 to 1400 cm�1. The optical properties of
the Li2CoGeO4 were measured at room temperature using a UV-
3101PC scanning spectrophotometer in a broad range of
wavelengths from 200 nm to 800 nm. The electrical measure-
ments of this material in a pellet form are thoroughly analyzed
and studied in the frequency range between 40 Hz and 1 MHz
and in a temperature range between 553 K and 663 K using
a complex impedance analysis. The measurements are
comprehensively discussed based on a number of theoretical
models.
3. Results and discussion
3.1. X-ray diffractions analysis

The solid-state LCG is studied by powder X-ray diffraction for
the analysis of the crystal structure. The Fig. 1 shows the
experimental and calculated XRD prole of Li2CoGeO4

compounds. The Rietveld renement of LCG samples was done
Fig. 1 Refined powder X-ray diffraction pattern for solide-state LCG,
at room temperature: calculated data (black solid line), observed data
(red)and the Bragg positions are observable by vertical bar.

© 2022 The Author(s). Published by the Royal Society of Chemistry
to collect the detailed crystal structure information with the
unique crystallographic data of LCG as the rst model. It is clear
that no secondary phase and no impurity peak was detected
which conrms the pure and good quality of the sample. The
crystal structure of Li2ZnGeO4 is taken as an initial model and
the starting positions of all atoms were rst considered by
analogy to the structure of this compound. A renement is then
done which converged swily to reasonable and reliable factors.
The best renement of the experimental prole is carried out by
the monoclinic system with the Pn space group. The quality
factor conrms the concurrence between the calculated and the
observed proles is c2¼ 1.79. The rened lattice parameters are
a¼ 6.369(2) Å, b¼ 5.461(2) Å, c¼ 5.006(1) Å, b(�)¼ 90.10(0) and
V ¼ 174.113(1) Å3. They are in good agreement with the results
of a LCG compound synthesized by the hydrothermal method.
The Table 1 summarizes the rened crystallographic parame-
ters of the Li2CoGeO4 compound. The atomic positions are
listed in the Table 2 whereas the distances and bond angles are
given in Table 3.

3.2. Description of crystal structure

Li2BGeO4 (B ¼ Zn, Mn, Co) is categorized among the C-type
compounds. It crystallized in the three-dimensional (3D)
frameworks of the CoO4 and GeO4 tetrahedral units. The
powder structure of Li2CoGeO4 indicates that it is isostructural
like the Li2ZnGeO4 structure.9 The framework structure of Li2-
CoGeO4 host can be considered as a Wurtzite structure with
corner-sharing alternating between the corners of the GeO4 and
ZnO4 tetrahedra. In general, the orthogermanates are charac-
terized by tetrahedral anion units, in particular (GeO4)

4,
Table 1 Rietveld refinement and crystal data of LCG matrix

Formula Li2CoGeO4

Crystal system Monoclinic
Space group Pn
Unit lattice parameters (Å) a ¼ 6.369(2)

b ¼ 5.461(2)
c ¼ 5.006(1)
b(�) ¼ 90.10(0)

Unit cell volume (Å3) V ¼ 174.113(1)
Z 2
Rp (%) 19.9
Rwp (%) 16.9
Rexp (%) 12.61
RB (%) 3.31
RF (%) 2.89
c2 1.79
r (g cm�3) 3.99

RSC Adv., 2022, 12, 6602–6614 | 6603
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Table 2 The atomic coordinates of the compound Li2CoGeO4

Atom Wyck x y z Occ

Co 2a 0.31648 0.32427 0.50740 1
Ge 2a 0.06116 0.15955 0.00645 1
Li(1) 2a 0.52714 0.19827 0.00513 1
Li(2) 2a 0.82442 0.36037 0.48347 1
O(1) 2a 0.54090 0.16070 0.36206 1
O(2) 2a 0.33185 0.66021 0.43302 1
O(3) 2a 1.07739 0.17905 0.36900 1
O(4) 2a 0.30757 0.32104 0.88830 1

Table 3 Selected distances of Li2CoGeO4

Bond Distance (Å) Bond Distance (Å)

Li(1)–O(1) 1.80 Co–O(1) 1.87
Li(1)–O(2) 2.12 Co–O(2) 1.83
Li(1)–O(3) 2.19 Co–O(3) 1.85
Li(1)–O(4) 1.66 Co–O(4) 1.91
<m> 1.94 <m> 1.86
Li(2)–O(1) 2.19 Ge–O(1) 1.89
Li(2)–O(2) 2.25 Ge–O(2) 1.80
Li(2)–O(3) 1.97 Ge–O(3) 1.82
Li(2)–O(4) 1.80 Ge–O(4) 1.89
<m> 2.05 <m> 1.85

Bond Angle (�) Bond Angle (�)

O(1)–Co–O(3) 106.46 O(2)–Ge–O(3) 102.51
O(1)–Co–O(2) 110.86 O(2)–Ge–O(4) 110.72
O(1)–Co–O(4) 114.59 O(2)–Ge–O(1) 111.83
O(3)–Co–O(2) 112.84 O(3)–Ge–O(4) 103.80
O(3)–Co–O(4) 110.16 O(3)–Ge–O(1) 115.96
O(2)–Co–O(4) 102.09 O(4)–Ge–O(1) 111.44
<O–Co–O> 109.50 <O–Ge–O> 109.37
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covalently connected to the BO4 polyhedra.17 The Pn-Li2CoGeO4

structure can be viewed as an accumulation of innite zig–zag
elements alternating (CoO4)

4� and (GeO4)
4� in the (a, b) plan.
Fig. 2 Li2CoGeO4 structures as a ‘Wurtzite’ with corner sharing CoO4 te

6604 | RSC Adv., 2022, 12, 6602–6614
These tetrahedra built up a network with channels along the c
axis in which the Li+ ions have conducting pathways as showed
in the Fig. 2. In the repetitive structure moiety, the CoO4 and
GeO4 tetrahedra pointed into (100), whereas the other moiety
pointed into the inverse direction (�100) in an alternate way
and were connected only by sharing corners. The process was
generated by the parallel movement of Li+-ions along the c axis.
It consists of binary chains of distorted (CoO4)

4� tetrahedra that
were alongside-propagated in the (a, b) plan and interlinked
partially by corner-sharing. Each (GeO4)

4 group was thus
encircled by four (CoO4)

4 tetrahedra and inversely, eventually
forming cavities. The average values of the bond lengths of Co–
O and Ge–O in the (CoO4)

4 and (GeO4)
4 tetrahedra are 1.86 Å

and 1.85 Å respectively and are presented in the Table 3. It is
very signicant to point out that Li (1) and Li (2) were conned
in two opposite direction cavities (T1 and T2) (Fig. 2). This result
would have an important inuence on the migration process of
Li+-ions.
3.3. Morphological description and particle size distribution
studied by SEM and TEM imaging

The SEM and EDX technique were used in order to study the
composition and the morphology of our sample.18 These
supplementary studies make it feasible to differentiate the
elements presents in the studied compound by detecting
backscattered electrons. Based on the Fig. 3(a), it is clear that
this micrograph show a collection of small and large-sized
grains homogeneously distributed everywhere into the
compound. Furthermore, there is a tendency to shape some
types of agglomeration, due to the humidity caused by lithium
attendance. In fact, as shown in the Fig. 3(b), the EDX spectrum
reveals the presence of different elements, oxygen, cobalt and
germanium. It is interesting to observe that lithium is not
present in the Fig. 3(b) since it has the same atomic number
than the element used as a reference for this compound which
is beryllium. In order to further estimate the particle size
distribution, the transmission electron microscopy (TEM)
analysis was performed and the result is represented in the
trahedra linked via GeO4 tetrahedra.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image of LCG (a), the elemental analysis by EDX (b), TEM image of LCG (c) and the particle size distribution of LCG (d).
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Fig. 3(c). By using the Image J soware a manual statistical
count of grain size was affected on TEM images. The results are
shown as histograms in the Fig. 3(d) as counts (grain number)
versus particle sizes. The gure shows that the gained particles
sizes are mostly in the order of 0.4–0.9 mm.

3.4. Infrared spectra

The Fig. 4 shows the FTIR spectrum of the Li2CoGeO4

compound acquired at room temperature and in the
Fig. 4 FTIR spectrum of Li2CoGeO4 at room temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
wavenumber range from 400 cm�1 to 4000 cm�1. Based on
spectra of comparable compounds, a detailed attribution of the
bands is able to be performed.19–21 The band is centered at
439 cm�1 and corresponds to the asymmetric binding
frequencies of GeO4. The remaining characteristic bands higher
than 600 cm�1 are relative to the antisymmetric stretching
GeO4.

3.5. Optical properties

3.5.1 Absorbance spectra. In order to understand the effect
of the CoO4 tetrahedron on electronic structures, a study of
optical properties becomes useful. The Fig. 5(a) displays the
room temperature absorbance spectra of the LCG compound in
the wavelength range from 200 to 800 nm. The resulting spectra
show the lowest energy absorption peak in the UV region at
286 nm. Based on bibliographic studies,22,23 it is possible to
discover three types of transitions from ground state 4A2g for
Co2+ ions in tetrahedral coordination: 4A2g–

4T2g (n1),
4A2g–

4T1g(F) (n2),
4A2g(F)–

4T1g(P) (n3). The n1 and n2 transitions
arise in the low-frequency region (below than 10.000 cm�1) for
the oxygen ligands, which is not spotted by our UV-vis spec-
trometer. The 4A2g(F)–

4T1g(P) (n3) transition is detected at
584 nm, whose 4F term is the ground atom term for a free Co2+

ion and 4P is the rst excited term. Besides, in the studied
sample, the spectra contain two sub band absorption bands
located at 530 and 665 nm. These peaks are linked to the d–
d transitions of the tetrahedral-coordinated Co2+ ions. The two
RSC Adv., 2022, 12, 6602–6614 | 6605
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Fig. 5 Absorbance spectra of LCGmeasured at room temperature (a), evolution of dA/dl and the absorbance A as a function of l (b), plot of (F(R)
hn)2 versus (hn) of LCG compound (c) and determination of the Urbach energy for the LCG compound (d).
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absorption bands can be attributed to 4A2(F) / 2A1(G) and
4A2(F) /

2E(G) eld transitions, respectively.24 Therefore, we
conclude that the ground LCG sample contain Co2+ in the
tetrahedral coordination.

3.5.2 Calculation of the optical band gap Eg. The band gap
energy Eg of the sample can be determined directly from the
minimum of the dA/dl curve. In the Fig. 5(b), A and dA/dl curves
are plotted as a function of the wavelength l. The band-gap Eg is
estimated at 3.87 eV. The optical band gap of the compound was
determined also according to the Kubelka–Munk and is given
by the following equation:25

FðRÞ ¼ ð1� RÞ2
2R

(2)

The dependence of (F(R)hn)2 on the photon energy for the
LCG compound is displayed in the Fig. 5(c). The straight-line
extrapolation of these plots to the zero absorption spectrum
gives the band gap energy Eg ¼ 3.54 � 0.06 eV. Based on studies
6606 | RSC Adv., 2022, 12, 6602–6614
of comparable compounds,26 we can note that our compound
has a lower gap energy value (3.54 eV).

3.5.3 Urbach energy. The disorder of the material has been
characterized by the Urbach energy which corresponds to the
transitions among the extended states of the valence band and
the localized states of the conduction band.27

a ¼ a0 exp

�
hn

Eu

�
(3)

where Eu is the Urbach energy and a0 is a constant. The Fig. 5(d)
shows the photon – energy (hn) dependence of the Ln (a). The
determinate value of Urbach energy is 0.96 eV.
3.6. Complex impedance analysis

3.6.1 Cole–Cole plots. The complex impedance spectros-
copy technique (CSI) was used to investigate the electrical
behavior of thematerial. It allows us to differentiate the real and
imaginary constituents of the electrical parameters and allows
a real image of the materials properties. The Fig. 6 displays the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The Nyquist plots for LCG at various temperatures.
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Nyquist spectra (imaginary party of complex impedance [Z00(u)])
versus (real party of complex impedance [Z0(u)]) for Li2CoGeO4

compound at several temperatures [553 K to 663 K], which are
characterized by the presence of semi-circular arcs. These
semicircle arcs are most generally deformed and their centers
placed below the Z0 axis. This result means that the conduction
of this compound does not follow the Debye formalism but
obeys the Cole–Cole model. The appearance of a single half-
circle indicates that electrical processes in the material arises
basically due to the contribution from inner grains, which is
expected from this compound where grain boundaries are
produced because the powder was ground for 8 h.28–30 We can
note from these plots, that the radius of these semicircles
decreases as the temperature increases, revealing the decrease
in bulk resistance, and correspondingly the conduction mech-
anism is thermally activated. These graphs are tted employing
the Z-view soware and the best adjustment is obtained when
using an equivalent circuit. These spectra were successfully
modeled by an equivalent circuit, including a parallel combi-
nation of resistances (R), capacitances (C) and fractal capaci-
tances (CPE). The impedance of the fractal capacitance (CPE) is
presented. The impedance has a constant phase angle in the
complex plane. The CPE impedance is given by the following
equation:31

ZCPE ¼ 1

ðjQuÞa (4)

where, Q denotes the value of the capacitance of the element
CPE, a the deviation degree with respect to the value of the pure
capacitor. If a is equal to 0, the element behaves like an ohmic
resistance independent of the frequency, if a ¼ 1, it is an ideal
capacitor. The expressions of the real and imaginary constitu-
ents of the overall impedance were evaluated by the following
equations:

Z
0 ¼

R�1 þQua þ cos
�
a
p

2

�
�
R�1 þQua cos

�
a
p

2

��2

þ
�
CuþQua sin

�
a
p

2

��2
(5)
© 2022 The Author(s). Published by the Royal Society of Chemistry
�Z00 ¼
CuþQua sin

�
a
p

2

�
�
R�1 þQua cos

�
a
p

2

��2

þ
�
CuþQua sin

�
a
p

2

��2
(6)

The Fig. 7(a) displays the frequency dependence of the real
part of the impedance (Z0) at different temperatures. The plots
are described by an amplitude of Z0 that decreases when the
temperature and the frequency increase. This result leads to the
possibility of a rise in the ac conductivity as a consequence of
the diminution in the resistive behaviour of the material with
an increase of the temperature.32 Besides, all values of Z0 merge
at higher frequencies. This behaviour is an indication of the
build-up of space charge polarization effect in the material at
higher temperatures.33,34 Furthermore, the Fig. 7(b) exhibits the
frequency dependence of imaginary part of the impedance
(�Z00) at various temperatures. We can note that the impedance
plots are described by the existence of peaks ð�Z 00

maxÞ at
a particular frequency, which shi to higher frequencies with
the rising temperature can be related to the type and intensity of
the electrical relaxation phenomenon in the system. A impor-
tant broadening of the peaks with an increase of temperatures
suggests the existence of a temperature-reliant relaxation
process in the system. The asymmetric widening of the peaks
suggests the existence of electrical processes in the system
which enlarges the relaxation time (marked by peak breadth)
with two equilibrium portions. The relaxation types may prob-
ably be electrons/immobile species at low temperatures and
defects at higher temperature.35 Finally, at higher frequencies,
Z00 reach a plateau for all temperatures, which may probably
indicate an accumulation of space charges in the system.36 In
the following gures (Fig. 7(a) and (b)) we point out a good
agreement between the experimental curve (scatter) and theo-
retical (line) data. This result shows that the proposed equiva-
lent circuit characterises the behaviour of the studied sample.

3.6.2 D.C. conductivity. On the basis of the parameter
values determined from the equivalent circuit using the Z-view
soware, the continuous conductivity of Li2CoGeO4 compound
is calculated at every temperature with the following equation:37

sdc ¼ e

RS
(7)

where e is the thickness of the compound, S the electrolyte–
electrode contact area and R the bulk resistance value. The
Fig. 8 displays the relaxation conductivity as a function of
inverse temperature for Li2CoGeO4 sample. The activation
energies of this process are estimated according to the Arrhe-
nius law:

sdcT ¼ A0 exp

�
Ea

KBT

�
(8)

where A0 being the pre-exponential factor, Ea the activation
energy and KB the Boltzmann constant. From the plot, it is
noticed the presence of two regions refereed as I (T < 625) and II
(T > 625), linked with two activation energies disconnected by
one temperatures T ¼ 625 K. The observed change is probably
due to the change in the conduction mechanism. This
RSC Adv., 2022, 12, 6602–6614 | 6607
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Fig. 7 Frequency dependence at different temperatures of real part Z0 (a) and imaginary part Z00 (b) at various temperatures of Li2CoGeO4

compound.

Fig. 8 Arrhenius relation of Ln (sdcT) versus 1000/T for the Li2CoGeO4

compound.

Fig. 9 The variation of the AC conductivity with the temperature as
well as the frequency and the inset of the temperature dependence of
the exponent s.
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behaviour is also observed in the literature for ceramic mate-
rials.38 In both regions, the electrical conductivity increases
linearly with temperature. This behaviour shows that sdc is
a thermally activated transport process. The evaluated values of
the activation energy are: EaI ¼ 1.05 � 0.02 eV and EaII ¼ 0.28 �
0.02 eV.

3.6.3 AC conductivity. In the goal to study the conduction
mechanism in our material; the AC conductivity of the
compound has been extensively studied. The frequency
dependence of AC conductivity at various temperatures is pre-
sented in the Fig. 9. This phenomenon can be dened by the
Jonscher's law:39

sac ¼ sdc + Aus (9)
6608 | RSC Adv., 2022, 12, 6602–6614
with sdc is the continuous conductivity, A a constant, u ¼ 2pf
the angular frequency. The parameter s is the power exponent,
which shows the degree of interaction between mobile ions and
their surrounding networks (0 < s < 1). As it can be viewed, the
conductivity plots reveal two regions at low- and high-
frequencies. In the region I (at low frequencies), the AC
conductivity is practically equivalent to the DC conductivity of
the compound. Whereas in the region II (at high frequency
region), sac rises with increasing frequencies as well as
temperature which is developed in semiconductor materials.

3.6.4 Conduction mechanism. In order to study the
conduction mechanism within the Li2CoGeO4 compound,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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various theoretical models have been given in the literature
such as:

- The correlated barrier hopping (CBH) model in which S
decreases linearly with the rising temperature.40,41

- The small polaron tunneling (NSPT) model whither the
exponent s rises with the increasing temperature.42

- The quantum mechanical tunneling (QMT) model is char-
acterized by an exponent s which increases very slowly with
temperature, practically equal to a value of 0.8.43

- The overlapping large polaron tunneling (OLPT) model
submitted by Long.44 The exponent s decreases with the
temperatures to a minimum value and then increases slightly.

The Fig. 9 (inset) presents the temperature dependence of
the exponent s. We can note that the exponent s exhibits two
different regions as following:

- Part I, the exponent s decreases linearly with the tempera-
ture, which conrms that the (CBH) model is the suitable
model.

- Part II, the exponent s increases with the increase in
temperature to a minimum value and then increase with the
temperature. Thus, the (NSPT) model is the appropriate model.

3.6.4.1 The correlated barrier hopping (CBH) model (region I).
This model was rst enhanced by Pike for the single polaron
jump and was thereaer developed by Eliott for the two-polaron
jump.45 Which considers the jump of Li+ charge carriers amidst
two sites on a barrier separating them? From the CBH
formalism, the next equation gives the exponent s:46

s ¼ 1� 6TKB

Wm � KBT ln

�
1

us

� (10)

where Wm is the binding energy of the carrier in its focused
sites, KB is the Boltzmann constant, and s is a characteristic
relaxation time is supposed to be 10�13 s. A very simple esti-
mation of this equation gives the exponent (s):
Fig. 10 Variation of Ln (sac) with inverse of temperature at various frequ

© 2022 The Author(s). Published by the Royal Society of Chemistry
s ¼ 1� 6TKB

Wm

(11)

For this simple model, the alternating conductivity is given
by:47

sac ¼ n

24
p2NNp3

0
uRu (12)

with n is the number of polarons affected in the hopping
process (n ¼ 1 or 2), 30 is the dielectric constant of the
compound. NNp is proportional to the square of the concen-
tration of states and Ru is the hopping distance for the condi-
tion (us ¼ 1) and it is given by:

Ru ¼ 4e2

30½W þ KT lnðusÞ� (13)

Moreover, NNp can be presented by:

NNp ¼ NT
2(bipolaron-hoping)

NNp ¼ NT
2 exp

��Ueff

2KBT

�
ðsingle-polaron hoppingÞ

The Fig. 10(a) displays the variation of the AC conductivity
(Ln (sac)) as a function of (1000/T) in the sample Li2CoGeO4. The
AC conductivity of this sample has been explained quite satis-
factorily by considering a single conduction mechanism (single
polaron). We can notice that theoretical values (lines) are in
good agreement with the experimental values (symbols) and
implied that this formalism is the simplest assumed formalism
to qualify the approximate frequency dependence of AC
conductivity. The different parameters used in the tting
procedure are summarized in Table 4. The negative sign of
effective energy is connected with the strong interaction
encies for Li2CoGeO4 phase I (a) and phase II (b).

RSC Adv., 2022, 12, 6602–6614 | 6609
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Table 4 Parameters used for the adjustment of the CBH model (I) and NSPT model (II)

Phase I Phase II

Frequency (Hz) Ueff (eV) N(EF) (eV
�1 m�3) Wm (eV) Frequency (Hz) N(EF) (eV

�1 m�3) a (Å�1) Wm (eV)

1 � 102 �0.0046 9.58 � 1015 0.3 1 � 102 5.61 � 1019 1.18 0.34
1 � 103 �0.0031 1.83 � 1017 501 2.99 � 1019 1.3 0.19
1 � 104 �0.0014 5.84 � 1018 1 � 103 2.14 � 1019 1.35 0.07
1 � 105 �5.98 � 10�4 5.65 � 1019 7940 9.94 � 1018 1.47 0.04
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between electron and photon. The Fig. 11(a) shows the
temperature dependence of Ru at different frequencies. We note
that the values of Ru vary is in the interval of distances of 2.74–
2.75 Å. These values are of the order of the inter-atomic distance
Li–Li: 2.75 Å. Based on these results, it may be thought that the
AC conductivity in Li2CoGeO4 is assured by the mobility of
polarons because of the movement of Li+ ions located in cavities
along the c-axis.

3.6.4.2 The non-overlapping small-polaron tunnelling (NSPT)
model (region II). In the NSPT formalism, the exponent s could
be determined by the following equation:48

s ¼ 1þ 4KBT

Wm � KBT lnðus0Þ (14)

when Wm/KBT can take big values, the parameter is contracted
to:

s ¼ 1þ 4KBT

Wm

(15)

Considering the NSPT approach, sac was given by the
following formula:49

sac ¼ ðp� eÞ2KBTa�1u½NðEFÞ�2Ru
4

12
(16)
Fig. 11 Variation of the hopping tunneling distance Ru as a function as

6610 | RSC Adv., 2022, 12, 6602–6614
where

Ru ¼ 1

2a

�
ln

�
1

us0

�
� Wm

KBT

�
(17)

a�1 represents the spatial extension of the polaron, Ru the
tunnelling distance, and N(EF) the density of states near the
Fermi level. The Fig. 10(b) displays the evolution of the AC
conductivity (Ln (sac)) as a function of (1000/T) at various
frequencies in region II. We can observe that the theoretical
calculations (lines) are in good agreement with the experi-
mental data (symbol). The different parameters determined for
this model are shown in the Table 4. Considering the results of
adjustment, we represent in Fig. 11(b) the evolution of the
tuning distance of Ru as a function of the temperature. So, it is
remarkable that Ru increases with the increasing temperature.
Consequently, in this model it is evident that the values of Ru

vary in the interval of distances of 1 Å to 3.5 Å. These values are
in the same order of magnitude than the interatomic spacing
Li–Li distances which was found to be 2.77 Å. From this
observation we can conclude that the conduction process is
assured by the mobility of small polarons because of the
movement of Li+ ions located in cavities along the [001] axis.

3.6.5 Electrical modulus analysis. The electrical modulus is
given by:
temperature at different frequencies phase (I) (a) and phase (II) (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Frequency dependence of real part (M0) (a) and imaginary part (M00) of electric modulus at various temperatures (b).
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M* ¼ M0 + jM00 (18)

M0 ¼ uC0Z
00 (19)

M00 ¼ uC0Z
0 (20)

where M0, M00, Z0 and Z00 are the real and imaginary parts of the
complex modulus M* and electric impedance Z*, respectively.
C0 ¼ 30S/e is the void capacitance of the measuring unit, S the
electrolyte–electrode connect area, 30 is the permittivity of the
open space, e the thickness of the compound and u¼ 2pf with f
being the frequency in Hz. The Fig. 12(a) shows the temperature
and frequency dependent plots of the real part of the complex
modulus (M0) for the prepared Li2CoGeO4. It was observed that
the values of M0 is very low (approaching zero) at low frequency
region. This can be due to the absence or low electrode polari-
zation phenomenon.50 Over and above that, it is noticeable
a dispersion simultaneously with a frequency rise (supposedly
Fig. 13 The normalized imaginary part of modulus M 00=M
00
max:

© 2022 The Author(s). Published by the Royal Society of Chemistry
approaching MN). This result can be assigned to conduction
phenomena due to the short range mobility of charge
carriers.51–53 At high frequency, M0 displays a saturation value
(the plateau part), implying that the electrical characteristics of
the materials are frequency-independent. The variation of the
imaginary part (M00) of the modulus as a function of frequency at
various temperatures is exposed in the Fig. 12(b). We can note
that the imaginary part of the modulus (M00) presents a single
relaxation peak, focused at the dispersion domain of the real
part of the modulus (M0) related with the grain impact. It is clear
that the relaxation ofM00 peaks shied to the higher frequencies
with the rising temperature and the charge carrier movement
becomes rapid, producing in a decrease in relaxation time.54,55

This behaviour assumes that the relaxation is temperature
dependent and that the charge carrier hopping is consid-
ered.56,57 The spectra in this gure displays asymmetric and
broad peaks suggesting that the conduction mechanism is
Fig. 14 Nyquist (M00 vs. M0) plot at 663 K and the inset of the Ln (umax)
as a function of the opposite of the absolute temperature (1000/T).
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linked to non-Debye type.58 The Fig. 13 represents the variation
of M 00=M

00
max (the normalized imaginary part of the modulus) as

a function of the frequency at various temperatures. The benet
of these plots is to demonstrate that the relaxation mechanism
is dominated by the short or long distance movement of charge
carriers. From the Fig. 13 it can be noted that the isolation
between the normalized peaks M00 point out that the relaxation
mechanism is controlled by the short distance displacement of
the charge carriers. The Cole–Cole plot (M00 vs. M0) for Li2-
CoGeO4 at T¼ 663 K is shown in the Fig. 14. The Cole–Cole plot
(M00 vs. M0) is more powerful than the Nyquist plot of impedance
(Z00 vs. Z0) in isolating the relaxation effects from grains and
grain boundaries in our compound. It can be observed from the
Fig. 14 the presence of single semicircle presenting the exis-
tence of electrical relaxation phenomena in our sample and also
approves the only-phase characteristics of the studied material.
For each temperature, the frequency umax designates the
relaxation time su ¼ 1. In order to gain the activation energy
demanded for the dielectric relaxation process, the corre-
sponding curve of Ln (umax) as a function of the opposite of the
absolute temperature (1000/T) is shown in the inset of the
Fig. 14. This plot presents an Arrhenius-type behaviour dened
by the next formula:59

umax ¼ u0 exp

�
Ea

KBT

�
(21)

The estimated values of the activation energy (Eumax
) are: EaI¼

1.01� 0.02 eV and EaII ¼ 0.25 � 0.02 eV. It can be noted that the
values of Ea evaluated from the conductivity are similar to the
activation energy Ea determinate by modulus plots M00 implying
that the electric parameters are accountable for the conduction
and for the relaxation process and has the same impact in the
investigated compound.

4. Conclusions

In summary, the ceramic compound Li2CoGeO4 was prepared by
a solid-statemethod and fritted at 1073 K. This sample was found
to crystallize in the monoclinic system with Pn space group. The
characterization by XRD veries that the synthetized sample is
purely monophasic without impurities belonging to the mono-
clinic Pn space group. The SEM images display the existence of
particles with the same shape and irregular sizes. EDS spectra of
Li2CoGeO4 conrm the presence of Li, Co, Ge, and O elements.
Aerward the vibrational study by IR spectroscopy conrms the
existence of the functional group [GeO4]

4�. Moreover, the optical
properties of Li2CoGeO4 samples are done in the UV-vis spectral
domain for determining signicant parameters such as the band
gap energy (Urbach energy). Finally, the analysis of the Nyquist
plots displays a non-Debye relaxation. The equivalent circuit is
a (R//C//CPE). A unique electric contribution was detected in this
material, which is explained with the migration of lithium ion.
The survey of AC conductivity has been investigated in detail and
designated on the basis of correlated barrier jump (CBH) model
(region I) and non-overlapping small polaron tunnelling (NSPT)
model in (region II). The study of these models (CBH and NSPT)
6612 | RSC Adv., 2022, 12, 6602–6614
conrmed that the Li+ ions ensured the alternative current
conduction in Li2CoGeO4. The activation energy was calculated
from the DC conductivity as well as modulus plots. The weak
variations of the activation energy values suppose that the
process has a similar relaxation behaviour and conduction
mechanism.
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