
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

1:
02

:3
1 

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
Delithiation effec
aLaboratory of Applied Physics, Faculty of

1171, 3000 Sfax, Tunisia. E-mail: mabrouki
bPhysics Department, College of Sciences, U

Saudi Arabia
cComputer Science Department, Applied C

Saudi Arabia
dSfax University, B.P. 1171, 3000 Sfax, Tun

Cite this: RSC Adv., 2025, 15, 32131

Received 26th April 2025
Accepted 27th August 2025

DOI: 10.1039/d5ra02943k

rsc.li/rsc-advances

© 2025 The Author(s). Published by
ts on the structural, electronic,
and electrical properties of LiSr0.8Fe0.1Ni0.1PO4

material

A. Mabrouki, *a Olfa Messaoudi,b Lamia Trabelsi,c Moufida Mansourid

and Latifah Alfhaidb

In the scope of designing Li-ion batteries with increased energy density, developing new high-performance,

stable, and inexpensive cathode materials remains a significant challenge. In this context, the

LiSr0.8Ni0.1Fe0.1PO4 material was synthesized and systematically investigated. Using Density Functional

Theory (DFT) calculations, the structural stability and electronic structure were investigated during the

delithiation process. The results indicate the stability of the compound during the deintercalation

process and revealed a change from semiconducting to semi-metallic behavior. The expected voltage

window for this material is between 3.4 and 3.25 V. A comprehensive electrical study was conducted to

analyze the conduction mechanism, which is governed by the correlated barrier hopping (CBH) model

below 370 K, and the non-overlapping small polaron tunneling (NSPT) model above 370 K. The

consistent values of the estimated activation energy related to both conduction and impedance variation

prove that the relaxation and conduction processes are governed by the same mechanism.
1. Introduction

Rechargeable batteries play a critical role in the advancement of
energy storage technologies, particularly in addressing the
increasing demand for power and the need for sustainable
energy solutions. These batteries have become essential
components in various applications, ranging from portable
electronics to electric vehicles and grid-level energy storage
systems.1,2

Among the various battery technologies, lithium-sulfur
batteries with a high theoretical energy density of 2600 Wh
kg−1,3 lithium-ion batteries (LIBs),4–6 and hydrogen storage
materials have attracted signicant attention. Over the past 20
years, extensive research has been conducted on interstitial
hydrides, elemental hydrides, and complex hydrides.7–10

Nowadays, LIBs play a crucial role and have become the
leading technology in the rechargeable battery market, partic-
ularly due to the increasing demand for electric vehicles. This
demand has driven substantial efforts to improve energy and
power density, leading to the emergence of various chemistries
for both cathodes and anodes.
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Among LIBs, LiFePO4 (LFP) batteries are highly promising
owing to their longer lifespan, safety, environmental friendli-
ness, and reliability.11 They were discovered by A. K. Padhi et al.
and have a theoretical capacity of 170 mA h g−1.12 Their demand
is experiencing rapid growth especially as they are used for EVs
and are also being used in grid-scale energy storage systems due
to their ability to handle frequent charge and discharge cycles.
According to the TrendForce 2022 Lithium Battery Market
Analysis Report, the market share of LiFePO4 increased from
27% in 2019 to 46% in 2022 and expected to reach 64% in
2025.13

The absence of expensive and critical elements such as Co,
Ni, and Mn in LFP batteries makes them interesting despite
their lower power density, capacity, and specic energy. Addi-
tionally, LFP batteries are less vulnerable to thermal runaway
than NMC batteries when damaged or defective.14

While LFP batteries have several advantages, their low elec-
tronic conductivity ∼10−10 to 10−7 S cm−1 and low Li-ion
diffusivity ∼10−12 to 10−16 cm2 s−1 pose challenges for their
use in practical large-scale commercial applications.15 To
address these issues, substitution of the cathode elements has
been proposed as one of the emerging solutions. Substitution of
Fe by other metals such as Mn, Ni and Co and coating with
carbon have been applied.16–18 Research interest in Co-doping
LiFePO4 composites has been strongly developed and has
been considered one of the most signicant methods of modi-
cation to improve LFP performances.

Li et al. prepared V–F co-doped LFP/C and studied in detail
the intrinsic structure.19 They found that vanadium ion doping
RSC Adv., 2025, 15, 32131–32142 | 32131
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improved both ionic and electronic conductivities without
directly affecting the electrochemical reaction. Consequently,
the kinetic restriction in the olivine LFP structure may be alle-
viated in some way by the doping.20 Shu et al. have investigated
LFP doped with Na and Ti. Na and Ti co-doping was observed to
enhance the electrochemical properties of LiFePO4/C cathode
materials.21 The Li0.97Na0.03Fe0.97Ti0.03PO4/C composition
exhibited an initial discharge capacity of 151.0 mA h g−1, with
a capacity retention ratio of 99.3% aer 100 cycles at 1 °C.
Notably, even at a high discharge rate of 20 °C, it maintained
a discharge capacity of over 97.3 mA h g−1.21

Density Functional Theory (DFT) rst-principles computa-
tions have proven to be highly effective in predicting various
properties of Li-insertion materials used as electrodes in
rechargeable lithium-ion batteries. In this work, LiSr0.8Fe0.1-
Ni0.1PO4 compound was prepared using a simple sol gel
method. To explore the impact of Li deintercalation on its
structural and the electronic properties, DFT calculations were
performed. The electrical and electrochemical properties of
LiSr0.8Fe0.1Ni0.1PO4 composites were studied in detail.
2. Experimental and computational
details
2.1. Experimental details

The sol–gel process was used to synthesize LiSr0.8Fe0.1Ni0.1PO4

oxide. Stoichiometric amounts of LiNO3, Sr (NO3)2, (NH4)
H2PO4, Fe (NO3)3$9H2O, Ni (NO3)2$6H2O were used. Initially,
the precursors were dissolved individually in 50 mL of distilled
water at 70 °C. By adding a mixture of citric acid (C6H8O7) and
ethylene glycol (C2H6O2) with a 1/1.5 mol ratio, a homogenous
solution was formed. This solution was then slowly evaporated
until it formed a gel. The gel was heated at 150 °C and the
temperature was gradually increased until a foam-like powder
was obtained. Then, the powder was ground, pelletized, and
nally annealed at 650 °C for 7 h.

The crystal structure of LiSr0.8Fe0.1Ni0.1PO4 sample was
determined using a Bruker D8 diffractometer operating with
CuKa radiation (l = 1.542 Å). The morphological properties of
the compound were studied using a TESCAN VEGA3 scanning
electron microscope (SEM). The dielectric measurements were
performed using a Tegam 3550 ALF impedance analyzer.
Fig. 1 Rietvield refinement of X-ray diffraction data for the LiSr0.8-
Fe0.1Ni0.1PO4 powder sample. The inset of figure presents the crystal
structure of LiSr0.8Fe0.1Ni0.1PO4.
2.2. Computational details

All DFT calculations were performed using the WIEN2k Simu-
lation Package.22 To numerically study LiSr0.8Fe0.1Ni0.1PO4

sample, we created a supercell containing 32 Li atoms, 16 Sr
atoms, 3 Fe atoms, 3 Ni atoms, 32 P atoms and 128 O atoms).
The Li1−xSr0.8Fe0.1Ni0.1PO4 structure were modeled by removing
the correspond Li atoms. The electrons in the 3d and 4f
elements are known to be inuenced by a strong Coulomb
interaction. To account for the strongly correlated nature of the
d electrons of Ni and Fe ions, the Hubbard (U) correction was
applied, resulting to the GGA + U approach.23,24 The accuracy of
GGA + U calculations is inuenced by the choice of the Hubbard
U parameter, which varies depending on the valence state of the
32132 | RSC Adv., 2025, 15, 32131–32142
transition metal and its surrounding crystal environment. This
U value can be determined from rst principles using linear
response theory,25,26 or alternatively, it can be empirically tuned
to reproduce key material properties, such as the electronic
band gap or lithium insertion potential.27–29,37,38

In our work, we adopted U = 5.3 eV for Fe ions28,30,30,31 and U
= 6.0 eV for Ni ions,32,33 which are values commonly used in
previous studies of olivine-type phosphates and similar transi-
tion metal oxide compounds. These values were not arbitrarily
chosen but rather selected based on a combination of literature
precedent and their established ability to reproduce experi-
mentally observed structural, electronic, and electrochemical
properties in similar systems.

All calculations were spin-polarized and the ferromagnetic
spin ordering was initialized on the Fe and Ni ions.

The Nudged Elastic Band (NEB) was employed to calculate the
activation energy (Ea) associated with Li-ion hopping.34,35 In this
approach, a series of intermediate images is generated between
xed initial and nal positions of the diffusing ion. The initial
and nal congurations were used in conjunction with the
climbing image method, with intermediate images spaced at
intervals of 0.5 Å along the diffusion path. Our approach
considers only the diffusion of the Li ion. This method efficiently
identies the energy saddle point associated with ion diffusion.

In order to estimate the activation energy barrier (Ea))
calculations were performed. The initial and nal congura-
tions were used in conjunction with the climbing image
method, with intermediate images spaced at intervals of 0.5 Å
along the diffusion path. Our approach considers only the
diffusion of the Li ion.

To obtain precise total DFT energies, a 500 k-point mesh
were used. In all cases, the structures were optimized and fully
relaxed. The convergence criteria were set as follows: the energy
threshold was 10−4 Ry and the force threshold was Ry Å−1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental and calculated lattice parameters of Li1−xFe0.1Ni0.1SrPO4 (x= 0, 0.25, 0.5, 0.75, 1) where x is the amount of deintercalated Li

a (Å) b (Å) c (Å) a deviation (%) b deviation (%) c deviation (%) b (°) V (Å3)

x = 0 (exp) 16.2019 11.8441 13.2018 118.4413 2227.5996
x = 0 15.8119 11.9838 12.8917 118.12375 2154.3868
x = 0.25 15.62216 11.8399 12.8568 1.2 1.2 0.27 117.8641 2102.3713
x = 0.5 15.6221 11.8399 12.8568 1.65 1.4 0.1 117.81338 2103.3543
x = 0.75 15.4166 11.8759 12.7885 2.5 0.9 0.8 117.24134 2081.7227
x = 1 15.4641 11.7681 12.6467 2.2 1.8 1.9 116.7308 2055.5250
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3. Results and discussions
3.1. Structural and morphological study

The XRD analysis using Rietveld method with the Fullproof
program (Fig. 1) conrms that the sample crystallizes in the
monoclinic structure with the P/2m space group. The inset of
Fig. 1 shows a representative crystal structure of the LiSr0.8-
Fe0.1Ni0.1PO4 sample, which appears to be slightly distorted. No
additional impurity peaks were detected, conrming the
absence of secondary phases in the compound.

Table 1 presents the computed structural characteristics of
LiSr0.8Fe0.1Ni0.1PO4. The optimized lattice parameters a, b, and
c, are within 3% of the experimental data. The minor discrep-
ancies between the experimental and theoretical values validate
the adopted method. To study the structural stability and
understand structural evolution during delithiation, the
process of Li extraction from the LiSr0.8Fe0.1Ni0.1PO4 lattice is
examined using DFT calculations. Each extraction phase
involves the removal of a specic amount of Li, followed by the
relaxation of the resultant structure. The small variations of the
lattice parameters during the extraction of Li from Li1−x Sr0.8-
Fe0.1Ni0.1PO4 (x = 0, 0.25, 0.5, 0.75, 1) demonstrate that struc-
tural stability is successfully maintained throughout the
different phases. Aer complete Li extraction (x = 1), the
Fig. 2 (a) SEM image for Li Sr0.8Fe0.1Ni0.1PO4 sample, (b) particles size d

© 2025 The Author(s). Published by the Royal Society of Chemistry
structure exhibits a 7% change in cell volume, suggesting
enhanced stability compared to other compounds.36,37

Fig. 2(a) shows SEM images of Li Sr0.8Fe0.1Ni0.1PO4 sample.
The particles are seen to have a spherical form with a wide range
of particle sizes. A Gaussian t is used to alter the size distri-
bution histogram (Fig. 2b). The average particles size was found
to be DSEM = 198 nm.
4. Electronic properties
4.1. Optical properties

The densities of states (DOS) were analyzed to estimate the
electronic conductivity of the Li1−x Sr0.8Fe0.1Ni0.1PO4 systems in
the spin-polarized state. Total and partial orbital DOS are
shown in Fig. 3. In all cases, the density of states is dominated
by Fe/Ni (3d) and O 2p states, with only minor contributions
from Li (2s), P (3p) and Sr (3d) near Fermi states. The initial
LiSr0.8Fe0.1Ni0.1PO4 structure was found to be a magnetic
insulator exhibiting a band gap of Eg1 = 1.4 eV for spin-down
states and Eg2 = 2.5 eV for spin-up states.

The experimental band gap energy value (Eg) was estimated
using Tauc relation38,39 by plotting the variation of [ahn]1/2 as
a function of the photon energy [hn] as shown in Fig. 4.
istribution.

RSC Adv., 2025, 15, 32131–32142 | 32133
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Fig. 3 Spin polarized calculated DOS) of Li1−x Sr0.8Fe0.1Ni0.1PO4: total DOS (a) partial DOS of Li1−xSr0.8Fe0.1Ni0.1PO4, ((b)x= 0, (c) x = 0.25, (d) x =
0.5, (e) x = 0.75, and (f) x = 1.
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(ahn) = A[hn − Eg]
n (1)
32134 | RSC Adv., 2025, 15, 32131–32142
where (a) is the absorption coefficient, (Eg) is the gap energy,
(hn) is the energy of the incident radiation expressed in (eV), (A)
is a constant, and (n) the exponent characterizes the type of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evolution of [ahn]2 versus (hn) of Li Sr0.8Fe0.1Ni0.1PO4.
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optical transition. However, a good agreement between experi-
mental and theoretical results was found. In which, the exper-
imental gap energy's (Eg) value is around 1.8 and 2.2 eV for S1
and S2 samples respectively. Our ferrite sample demonstrates
semiconducting activity, according to the band gap energy
value, and can be used in a variety of technical domains,
including optoelectronics, photovoltaics, and photocatalysis
applications.

The material becomes semi-metallic at x = 0.25, yielding
enhanced electrical conductivity suitable for Li-ion batteries. As
Li-ion extraction increases, Ni (3d) and Fe (3d) states emerge at
the Fermi level for spin-down states induces a semi-metallic
behavior that further enhancing electrical conductivity. The
metallic character intensies with increasing Li removal. In
contrast, the fully deintercalated Fe0.1Ni0.1Sr0.8PO4 system
became amagnetic semiconductor with a narrow band gap of Eg
= 0.854 eV. Fig. 3 highlights the signicant role of oxygen states
near the Fermi level in LiSr0.8Fe0.1Ni0.1PO4. Consequently,
oxygen oxidation provides the primary charge compensation
mechanism during Li removal. The substantial PDOS contri-
bution from oxygen states below EF indicates their dominant
role in the oxidation reaction – exceeding contributions from Ni
and Fe. Strong hybridization between Fe (3d), Ni (3d), and O
states is observed within the −4 eV to 0 eV energy range.

DOS analysis reveals that Fe–O hybridization in the empty
states of the fully delithiated compound is weaker than Ni–O
hybridization. Interestingly, in the pristine material (x = 0),
states immediately below the Fermi level exhibit a dominant Fe
3d character. This suggests Fe oxidizes preferentially during
initial Li extraction,40 evidenced by a gradual shi of the Fe (3d)
peak below the Fermi level toward the conduction band as Li
removal increases. Conversely, in the case of x = 0, Ni plays
a substantial role in the redox reaction, formally participating in
it. When an amount of Li is removed, a noticeable redox change
is observed, which is represented by the small peak above the
Fermi energy linked to Fe (3d).
© 2025 The Author(s). Published by the Royal Society of Chemistry
To gain deeper insight into the bonding nature of LiSr0.8-
Ni0.1Fe0.1PO4, the electronegativity differences (DEN) between
constituent elements were evaluated using the Pauling scale.
The Li–O (DEN = 2.46) and Sr–O (DEN = 2.49) bonds are
primarily ionic, contributing signicantly to lattice cohesion
and overall structural stability.41 The P–O bonds (DEN = 1.25)
are polar covalent, consistent with the strong directional
bonding within the PO4

3− tetrahedral units, a characteristic
commonly observed in phosphate-based materials.42 In
contrast, the Ni–O and Fe–O bonds (DEN z 1.5–1.6) exhibit
a mixed ionic–covalent character. This intermediate bonding
regime is favorable for redox-active centers, as it facilitates
efficient charge transfer while maintaining the structural
integrity of the framework during Li-ion intercalation/
deintercalation processes.43,44 These results align with earlier
studies on olivine and NASICON-type phosphates, where
similar DEN trends have been linked to enhanced electro-
chemical performance and long-term stability.45 Furthermore,
our bonding analysis approach is in line with the methodology
adopted by Sharma et al.,9 who emphasized the importance of
electronegativity differences in interpreting the bonding and
functional properties of polyanion-based materials.
5. Electrical and dielectric properties
5.1 Electrical properties

To investigate the electrical properties of Li Sr0.8Fe0.1Ni0.1PO4

sample, the frequency dependence of conductivity was exam-
ined at various temperatures. Fig. 5 shows the evolution of AC-
conductivity versus frequency at various temperatures [300–440
K]. The presence of two different regions indicates two different
conduction phenomena. The rst region corresponds to the dc-
conductivity and is characterized by an independent plateau
region at the low frequencies. The second one is related to the
mobility of free charge carriers and represents the frequency
dispersion region at higher frequencies. In this region, the
conduction is affected by grains with low resistance, whereas at
low frequencies the dominant role of grain boundaries having
higher resistance than the grains, explains the low of ac-
conductivity values.46,47

Fig. 5a clearly shows that as the temperature increases the
frequency shis towards a higher frequency region at which the
dispersion becomes predominant. This shi can be explained
by the increase mobility of charge carriers. However, it does not
indicate an increase in charge concentration.48

The ac-conductivity can be analyzed using Jonscher's power
law:49

sac(u) = sdc + A(T)us(T) (2)

where the rst term sdc, denotes the continuous electrical
conductivity related to the translational jump in long-distance
electrical transport. It is temperature-dependent and remains
unaffected by frequency. A is a temperature dependent param-
eter and represents the degree of complex interactions between
mobile species,50 ‘s’ is an exponent depending on the temper-
ature whose value comprises between 0 and 1.
RSC Adv., 2025, 15, 32131–32142 | 32135
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Fig. 5 (a) Evolution of conductivity versus frequency, (b) variation of sdc versus. Temperature, (c) Ln(sdc) as function of 1000/T and (d) variation
of s exponent as function of temperature.
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Eqn (2) was used to t the conductivity spectra, providing an
overview of the tting results. The sdc values obtained from the
best t results are plotted as a function of temperature (Fig. 5b).
The sdc conductivity was found to be enhanced as temperature
rises. As the temperature rises, free carrier charges gain more
energy to overcome the potential barrier, indicating a semi-
conducting behavior.24 To examine the mechanism of conduc-
tivity, the evolution of Ln(sdc) according to 1000/Twas plotted in
Fig. 5c. The plots have been correctly tted using Mott and
David's small polaron hopping law:51

sdcT ¼ s0e
�Ea

KBT (3)

where Ea denotes the activation energy and s0 denotes pre-
exponential factor. The activation energy value Ea was found to
be 0.3 eV. The linear variation of Ln(sdc) with 1000/T conrms
that a single conduction process occurs in this temperature
range.

Fig. 5d shows the variation of exponent ‘s’ which is used to
determine the predominant conduction mechanism. Generally,
the temperature dependence of ‘s’ can be described using
32136 | RSC Adv., 2025, 15, 32131–32142
various theoretical models.52,53 In Fig. 5d, it is observed that the
‘s' exponent decreases when T increases below 370 K, demon-
strating that the conduction mechanism is guided by the
correlated barrier hopping (CBH) model. Above 370 K, the
exponent increases as a function of temperature, indicating that
the conduction process in this temperature range is driven by
non-overlapping small polaron tunneling (NSPT).25,26 Further-
more, these values are smaller than 1. According to Funke,54 this
suggests that the electrical conduction process occurs during
abrupt hopping.55
5.2. Impedance spectroscopy studies

The electrical properties, such as dielectric relaxation and the
impedence spectroscopy were studied. The real (Z0) and imagi-
nary (Z00) parts of the complex impedance were determined
using the equation:

Z* = Z0 − jZ00 (4)

Fig. 6a depicts the variation of the real part (Z0) of impedance
as a function of frequency at different temperatures. The initial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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values of Z0 decrease with increasing frequency, which may be
attributed to a gradual dynamic relaxation process in the
material, most likely caused by the liberation of space charges.
The appearance of a plateau region at high temperatures and
low frequencies may be attributed to a frequency invariant
electrical feature (dc-conductivity) of the material.56

Fig. 6b shows the imaginary component of the impedance
(Z00) as a function of frequency at various temperatures. The
impedance spectra are characterized by the emergence of a peak
that shis to higher frequencies with increasing temperature.
The relaxation frequency, which is the frequency at which the
maximum of the imaginary component of the impedance is
observed, is inuenced by both temperature and composition.
When the temperature increases, the amplitude of the Z00 value
decreases and the peak position/frequency shis toward the
higher frequency side. This means that the electrical relaxation
is a thermally triggered process.57,58 As temperature increases,
the peaks broaden and the Z00 values converge at higher
Fig. 6 Variation of the real (a) and imaginary (b) parts of the impedance as
T, and (d) The scaling behavior of Z00/Z0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
frequencies across all temperatures. The release/disappearance
of space charge at higher frequencies is associated to the
merging of the imaginary component of the impedance spectra
at higher frequencies.59 The relaxation in the present system
consists of a long-term order.

The variation of ln(fmax) as a function of 1000/T is shown in
Fig. 6c. The activation energies of the sample were obtained by
computing the slopes of the linear t according to Arrhenius
law.60 This value is comparable to the one predicted by electrical
conductivity spectra. This agreement allows us to conrm that
the processes of relaxation and conduction are ensured by an
identical mechanism.

The scaling behavior of Z00 is displayed in Fig. 6d at various
temperatures. The two axes are normalized by their maximum
values, fmax and Zmax, respectively, where fmax is the frequency
that corresponds to Zmax. The dynamic processes appear to be
temperature-independent as indicated by on the merging of all
curves at higher frequencies at all temperatures.57
function of frequency, (c) the variation of ln(fmax) as a function of 1000/

RSC Adv., 2025, 15, 32131–32142 | 32137
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Fig. 7 Nyquist plot.
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The Nyquist plot, Z00 as a function of Z0, at various tempera-
tures is shown in Fig. 7. Each temperature range reveals
a complete semicircular curve. This demonstrates that the
system is capable of relaxing. This might be explained by
phenomena connected to grains.

Additionally, the diameter of the semicircle arcs decreases as
temperature rises, reecting a temperature-dependent decrease
in electrical resistance and supporting the thermal activation of
the conduction process. Furthermore, the centers of these semi-
circles are situated below the Z0 axis and are mostly depressed,
indicating that the conduction of this sample adheres to the
Cole–Cole model rather than the Debye model.61
5.3. Electric modulus

The form of the complex electric modulus M was studied to
determine the electrical properties. The complex electric
modulus M is the inverse of the complex permittivity, and it is
expressed as:

M* = M0 + jM00 (5)

The real (M0) and imaginary (M00) parts of the complex electric
modulus were determined using the expressions M0 = uC0Z00

andM00 = uC0Z0, where C0 = 30A/e, A is the area of the sample, e
is the thickness of the sample and 30 = 8.854 × 10−14 F cm−1 is
the permittivity of the free space.

Fig. 8a displays the variation of the real component of the
complex modulus (M0) as a function of frequency at various
temperatures. The values of M0 tend to approach zero at lower
frequencies. This may be because long-range charge carriers in
the conduction mechanism travel at these frequency ranges and
electrode polarization is neglegible.62 Additionally, a notable
dispersion is observed as the frequency increases (likely
approaching M0max), which may be attributed to conduction
phenomena related to the mobility of charge carriers at short
distances.61,63

The imaginary part of the modulus (M00) exhibits a single
relaxation peak (Fig. 8b). The peak shis to higher frequencies
32138 | RSC Adv., 2025, 15, 32131–32142
as the temperature rises. This behavior implies that dielectric
relaxation is thermally active, with the charge carrier hopping
process dominating. The asymmetric nature of the M00 peaks
implies that the material has a non-Debye response.61 The
increase in the intensity of the imaginary component of the
electric modulus, M00, with rising temperature is oen associ-
ated with the dielectric relaxation processes, ionic movements,
and changes in the mobility of electric charges in materials.

The estimated activation energy value was obtained by linearly
tting t (according to Arrhenius law60) the Ln(Fmax) vs. 1000/T
curve (Fig. 8c) is 0.334 eV. This value is consistent with that ob-
tained from conductivity measurements and the jump frequency,
conrming that the relaxation and conduction processes are
governed by the same mechanism. The evolution of M00 Vs. M0 is
shown in Fig. 8d where a single asymmetric semicircular arc
develops showing the presence of electrical relaxation processes
in the material and verifying the compound's single-phase
properties obtained from XRD results.61

6. Diffusion energy and voltages/
redox potential

The diffusion energy proles of Li and the corresponding
migration pathways between two neighboring Li sites in the
LiSr0.8Ni0.1Fe0.1PO4 compound were analyzed and are pre-
sented on Fig. 9a. The calculated activation energy for Li
migration is approximately 0.29 eV, which is in good agreement
with the experimentally observed value in the present work.

For comparison, the experimental activation energy reported
in the literature for LiFePO4 ranges between 0.55 and 0.65 eV,64

while theoretical calculations yield values between 0.3 and
0.4 eV.35

The presence of Sr2+ ions at the M site likely contributes to
the widening of the Li diffusion channels due to their larger
ionic radius, thereby facilitating Li+ migration and lowering the
energy barrier.

This enhanced Li mobility is a key factor for improving the
electrochemical performance of cathode materials in Li-ion
batteries. A lower activation energy directly correlates with
faster Li+ diffusion, which can lead to improved rate capability,
higher power density, and better performance under high
current conditions. Therefore, the substitution strategy used in
LiSr0.8Ni0.1Fe0.1PO4 not only improves the structural tunability
of the olivine framework but also offers promising character-
istics for next-generation high-rate lithium-ion battery
applications.

First-principles calculations have been extensively employed
to predict the average voltage of Li deintercalation and inter-
calation in various compounds. The following equation is used
to calculate the energy change of the individual Li amount at
each deintercalation step in the LiSr0.8Fe0.1Ni0.1PO4 structure:24

DE = E(Lix−ySr0.8Fe0.1Ni0.1PO4) + yE(Li)

− E(LixSr0.8Fe0.1Ni0.1PO4) (6)

where DE is the change in energy of the process where y(Li)
atoms are extracted between the LiSr0.8Fe0.1Ni0.1PO4 layers,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of the real (a) and imaginary (b) parts of the modulus, (c) the variation of ln(fmax) as a function of 1000/T, and (d) the scaling
behavior of M00/M0.
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E(Lix−yFe0.1Ni0.1Sr0.8PO4) and E(Li) and E(LixFe0.1Ni0.1Sr0.8PO4)
are the total energy of the Lix−yFe0.1Ni0.1Sr0.8PO4 and LixFe0.1-
Ni0.1Sr0.8PO4 samples respectively.

Accordingly, the cathode voltage/redox potential is calcu-
lated as follows:37

V ¼ DE

ye
(7)

V represents the cathode voltage/redox potential, e is the abso-
lute value of the electron charge, and y is the amount of Li
atoms extracted. At each deintercalation stage, Fig. 9b displays
the average voltage/average potential determined using eqn (2).
The voltage or potential required to extract the Li ions from
Li1−xFe0.1Ni0.1Sr0.8PO4 ranged between 3.4 and 3.24 V.
© 2025 The Author(s). Published by the Royal Society of Chemistry
In order to further assess the stabilities of the materials and
understand the removal of Li in Li1−xSr0.8Fe0.1Ni0.1PO4 solid
solutions, the formation energy per unit of formula was deter-
mined using the following equation:

Ef = E(LixFe0.1Ni0.1Sr0.8PO4) − xE(LiFe0.1Ni0.1Sr0.8PO4)

− (1−x)E(Fe0.1Ni0.1Sr0.8PO4) (8)

where E(LixFe0.1Ni0.1Sr0.8PO4) is the partially deintercalated
materials energy, E(LiFe0.1Ni0.1Sr0.8PO4) , and E(Fe0.1Ni0.1Sr0.8-
PO4) are the pristine and entirely deintercalated structures
energies, respectively. Except for x = 1, all the intercalation
phase formation energy is negative in all the cases (Fig. 10).
RSC Adv., 2025, 15, 32131–32142 | 32139
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Fig. 9 (a) Plots of Li diffusion activation barrier along B-crystallographic axis for (LiSr0.8Fe0.1Ni0.1PO4), (b) deintercalation potentials (V) for
Li1−xFe0.1Ni0.1Sr0.8PO4 (x = 0, 0.25, 0.5, 0.75).

Fig. 10 The estimated Ef values for Li(1−x)Fe0.1Ni0.1Sr0.8PO4 system as
a function of concentration x. Data points located on the convex hull
(solid red line) denotes stability against any type of decomposition.
Metastable phases are represented by open circles on the blue dotted
line. The concentration x is expressed in formula units (fu). x= 1 implies
32 Li atoms removed, respectively.
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The stability criteria require that if DE > 0, the material is
considered metastable and can easily decompose into other
compounds. However, if DE # 0 the material is energetically
stable.

The convex hull of these Ef values was obtained to identify
which are the most energetically stable.65 As depicted in Fig. 10,
the solid red lines in the convex hull plots indicate the location
of stable phases. The dashed blue lines indicate the meta-stable
phases of the Li1−xFe0.1Ni0.1Sr0.8PO4 system. It is clear that three
stable intermediate phases were obtained for all systems.
32140 | RSC Adv., 2025, 15, 32131–32142
7. Conclusions

The LiSr0.8Fe0.1Ni0.1PO4 compound was synthesized via a sol–
gel process. The X-ray diffraction pattern conrms a monoclinic
structure with the P21/m space group. To model the discharge
process, Li extraction from the LiSr0.8Fe0.1Ni0.1PO4 lattice was
examined using DFT calculations. Structural stability was
maintained throughout deintercalation, with a semiconductor-
to-semi-metallic transition observed during delithiation that
enhances conductivity. Analysis of electrical properties revealed
that the conduction mechanism follows the correlated barrier
hopping (CBH) model at low temperatures and non-overlapping
small polaron tunneling (NSPT) at high temperatures. The
activation energy (Ea = 0.33 eV) calculated from conductivity
data matches that derived from impedance measurements,
conrming that both relaxation and conduction processes are
governed by the same mechanism.
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