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ARTICLE INFO ABSTRACT

Handling Editor: Suleyman I. Allakhverdiev Improving cathodes in commercial battery applications is one of the current trends aimed at achieving optimal

performance for energy storage and reuse. In this study, triaxial tensile/compressive strains were applied to

Keywords: LiFePO4 and FePOy, structures, which are the main components of the cathode in lithium batteries. The goal is to
Strain‘engineeri“g control the open-circuit voltage (OCV) and energy density (Eq) under the influence of these strains, as well as to
f?;;rcl)es study the structural, electronic, and electrochemical properties. The study is based on density functional theory
ocY 4 (DFT) and uses the generalized gradient approximation (GGA) developed by Perdew-Wang 1991 (PW91). The

results show that the voltage of the undeformed systems is 3.92 V, and the energy density is 666.83 Wh/kg for
the undeformed systems. Under a maximum tensile strain of ¢ = +6 % applied to LiFePOy, the voltage decreases
to 3.32V, and the energy density drops to 564.42 Wh/kg. In contrast, for FePO4, subjected to the same strain, the
voltage decreases to 2.99 V and the energy density to 507.71 Wh/kg. When the LiFePO4 system is subjected to a
maximum compressive strain of ¢ = —6 %, the voltage and energy density decrease to 3.08 V and 523.28 Wh/kg,
respectively. Similarly, when these strains are applied to FePOy, the voltage drops to 2.82 V and the energy
density to 478.46 Wh/kg. On the other hand, the interatomic distance of the studied features, as well as the
volume and electronic charge density, vary depending on the intensity of the applied strains. The analysis of the
total density of states showed that the characteristics of LiFePO4 and FePOy, in the absence of strain, behave as
semiconductors, with a band gap of 2.265 eV and 1.831 eV, respectively. However, these characteristics undergo
modifications under the effect of the applied strains.

Energy density

1. Introduction

The world today is not the same as it was before the scientific rev-
olution. Before this revolution, societies primarily met their energy
needs by using the available natural resources [1,2]. At that time, access
to energy was not a major concern for development [3]. This situation
was partly due to a smaller population. However, after the scientific
revolution and with advancements in the medical field, the population
began to grow almost uncontrollably [4-6]. This rapid demographic
increase led to a simultaneous rise in energy demand, as the
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improvement of living standards became an essential factor in this dy-
namic [7-9]. Thus, the relationship between population growth and
increasing energy needs became increasingly critical in the context of
our modern society [4]. Energy demand can be addressed from the
production side, where innovative and sustainable solutions can be
implemented [10-13]. However, a major challenge remains storing the
produced energy and reusing it during peak demand periods [7]. To
address this issue, it is essential to develop efficient energy storage
technologies, such as lithium-based batteries LiFePO4 or sodium-based
batteries NaFePOy, gravity-based energy storage systems, or hydrogen
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storage [14-24]. These solutions will not only allow energy to be stored
when production exceeds consumption but also enable its optimal use
when energy needs are higher [25-29]. Thus, overcoming this storage
challenge is crucial to ensuring a reliable and sustainable long-term
energy supply [30,31]. For example, hydrogen can be stored in
various forms, It can exist as a liquid in cryogenic tanks, as a gas in
high-pressure tanks, or as a solid under well-defined conditions,
particularly with a decomposition temperature that does not exceed a
range of 289-393 K [18,32-35]. Moreover, the storage capacity should
be greater than 6 % [36,37].

Another type of energy storage involves the use of lithium-ion bat-
teries, such as LiFePOy, or sodium-ion batteries, such as NaFePO4 [22,
38-44]. These batteries are particularly interesting due to their long
lifespan [45-50]. For example, Zixuan Zhou and al. demonstrated that
lithium-ion batteries based on LiFePO4 can maintain a capacity of 96.30
% after 1500 cycles at 2 °C [51], 97.4 % after 100 cycles, and 95.2 % at
20 °C and 80.5 % at 40 °C after 2000 cycles [52], 80.6 % at 10 °C after
1500 cycles [41]. The total lithium extraction from the material could
still reach 80.18 % of that from the brand-new electrode [26]. The
LiFePO4 possesses a theoretical specific capacity of ~170 mAh g7,
thereby contributing to its relatively considerable energy density of
~544 Wh kg™! [53-56]. These density and capacity characteristics
make them a significant choice for many industrial applications,
particularly in the electric vehicle sector and energy storage systems
[25,57-59]. Moreover, LiFePO4 batteries stand out for their safety and
thermal stability under various applications, offering an extended life-
span for this type of vehicle and enhanced resistance to extreme con-
ditions [60-64]. This makes them particularly well-suited for
demanding uses [65,66].

In light of these numerous advantages, LiFePO4 lithium batteries can
be considered an important means for electrical energy storage and easy
reuse [67-75]. However, a challenge remains: improving the cathode
voltage, which should not exceed 4.5 V to avoid the risk of explosion and
should not drop below 2.5 V to prevent irreversible reactions [65].
Indeed, several studies have addressed this issue using different
methods. For example, Shucheng Wang and al. investigated the
enhancement of the open-circuit voltage (OCV) by co-substituting Li
with Mn and N, They observed that the OCV decreased from 3.43 V for
the unsubstituted LiFePO4 system to 3.19 V for the Mn and N
co-substituted system [76]. On the other hand, Chandrani Nayak and al.
performed substitution and co-substitution with Mn and Ni and found
that the voltage could vary depending on the percentages of sub-
stitutions used [77]. Mourad Rkhis and al. improved the OCV by
applying biaxial strains to LiFePO4, They observed that it is possible to
control the OCV, and that its value remains close to 3.78 V [65].

In this work, triaxial strains were applied to LiFePO4 and FePOy
systems to improve and control their effect on the energy absorption of
lithium ions during the charge and discharge phases of lithium-ion
batteries, as well as on the open-circuit voltage (OCV) and the energy
density that the batteries can deliver. Additionally, the study also
analyzed the effect of these strains on the electronic charge density and
their influence on the structural properties of the materials. To our
knowledge, no published work in the literature has addressed the
development of these characteristics under triaxial strains. Only Mourad
Rkhis and al, has applied biaxial strains, but solely to develop the OCV
and energy density, while Zhang and al, and Lee and al, studied the
improvement of the activation energy of Li" ions [58,65,74]. We believe
that the method of applying triaxial strains could become a means of
optimization and development for the cathodes of LiFePOy4 lithium-ion
batteries, guiding future research toward the advancement of these
cathodes.

2. Computational details

The calculations performed in this work were carried out using
density functional theory (DFT), employing the Cambridge Serial Total
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Energy Package (CASTEP) computational code [78]. The
exchange-correlation function was treated using the generalized
gradient approximation (GGA), as adapted by Perdew-Wang 1991
(PW91) [79]. The valence electrons, whether originating from LiFePO4
or FePOy, were studied using ultrasoft pseudopotentials to ensure better
optimization [80]. On the other hand, the treatment of electron corre-
lation for the elements Li (2s), Fe (3d), P (3p), and O (2p) was done by
applying the Hubbard correction using the (DFT + U) method [10,22].
The cutoff kinetic energy is 380 eV, and K-point set 1 x 2 x 3 for a
minimization with a maximum force of 0.01 eV//f\, a maximum
displacement of 5 x 10™* A, and a maximum stress of 0.02 GPa, and
Self-Consistent Field (SCF) of 5 x 1077 eV/atom for an energy of 5 x
107® eV/atom. The algorithm used is the Broyden—
Fletcher—Goldfarb-Shanno (BFGS) method [81,82]. After optimizing the
structures of LiFePO,4 and FePOg4, we will subject them to triaxial strains
£xx, €yy, and &5, (Fig. 1), both in tension and compression [18,83]. These
strains will be applied along the [111] direction, that is, along the Ox,
Oy, and Oz axes. This will allow the deformation of the lattice param-
eters a, b, and ¢, which will be subjected to strains ranging from € = 0 %
to € = +6 % in tension, and from € = 0 % to € = —6 % in compression,
with a step size of ¢ = +1 % relative to the equilibrium parameters a,
bo, and c¢( of the LiFePO4 and FePO4 systems [84,85]. The following
equation will model the strains:

a—ap

= — X 100 €y
0

gyy:b;—b" x 100 )
0

6‘22267C0 x 100 (3)
Co

3. Results and discussion
3.1. Structural properties

Before examining the effect of triaxial strains on the open-circuit
voltage and the structural and thermodynamic properties, we first car-
ried out a structural optimization of the LiFePOy4 structure in the Py,
space group (N° 62) [76,77,86-88]. This system consists of 4 lithium,
iron, and phosphorus atoms, as well as 16 oxygen atoms, which are
arranged in a conventional unit cell. The optimization of this system
allowed for the analysis of the interactions between these atoms and the
determination of the unit cell parameters. The results of this optimiza-
tion revealed the following values for the unit cell parameters: a =
10.42 A, b =6.06 A and ¢ = 4.73 A with angles a = p =y = 90°. These
results are consistent with previous studies in the literature. This
agreement highlights the validity of the optimization method used and
suggests that the system shares similar characteristics with those pre-
viously observed: a=10.34A,b=6.03 Aand c =4.73 A, witha =p =7y
=90°[76],a=10.34A,b=6.01 Aand c=4.70 Awitha = =y = 90°
[89],and a =10.29 A, b = 6.05 A and ¢ = 4.68 A, with a = p =y = 90°
[76],a=10.349 A, b = 6.031 A and ¢ = 4.722 A, with o = f = y = 90°
[10].

3.2. The volume

The second parameter to study before applying triaxial strains to the
LiFePO4 and FePOy4 systems is the volume. This parameter is crucial for
understanding how these two systems respond to the applied strains [22,
65,76]. By analyzing the volume, it is possible to assess how the atoms
interact and reorganize under triaxial strains, which can influence their
thermodynamic and structural properties [84,85]. This understanding is
essential for anticipating the behavior of the materials under real-world
operating conditions. The results of the variation in volume for LiFePO4
and FePO4 under triaxial strains are shown in Fig. 2.
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Fig. 2. Variation in volume of LiFePO, and FePO, as a function of
applied strains.

Fig. 2 shows that the volume of LiFePQ4 is 299.1 Ag, It is in good
agreement with the results obtained in another study, which are
294,718 A3 [10], while that of FePOy4 is 155.45 A3. Under tensile strains
of +6 %, these values increase to 356.22 A and 185.15 A3, respectively.
This increase indicates that the atoms in both systems move farther apart
under tension, creating additional space between them. This phenom-
enon suggests a structural reorganization within the materials, which
could have significant implications for their thermodynamic and elec-
tronic properties, as well as for the diffusion kinetics of Lit during
battery charging and discharging. On the other hand, under compressive
strains of —6 %, the volume of LiFePO,4 and FePO4 shows an opposite
behavior. Specifically, the volume decreases linearly, reaching values of
248.42 A3 for LiFePO4 and 129.12 A3 for FePOQy, respectively. This
contraction indicates that the atoms in both systems move closer
together when subjected to compressive forces [17]. This volume
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Fig. 1. Schematic representation of the triaxial tensile/compressive strains applied to LiFePO4 (a) and FePO4 (b).

reduction is significant, as it can affect the stability and mechanical
properties of the materials, as well as their performance in practical
applications.

3.3. Energy of absorption

As shown in the section dedicated to the variation of volume under
triaxial tensile and compressive strains, these strains lead to a significant
variation in volume. This variation can be explained by changes in the
total energies of the LiFePO4 and FePOg4 systems, which directly influ-
ence the energy of absorption of Li" ions during the charge and
discharge phases of batteries under triaxial strains. Furthermore, when a
strain is applied, the energy of the system changes in response to the
reorganization of atoms and the modification of interatomic distances.
These energy changes provide insights into the stability and interactions
within both the LiFePO4 and FePO4 systems, thus improving our un-
derstanding of their behavior under various strain conditions. The en-
ergy of absorption is defined as the difference between the total energy
of the LiFePOy4 system and the energies of FePO, and Li ™ ions [22,65,
76]. The equation for this calculation is as follows:

AE = E;yt(LiFePO,) — Eroe (FePO4) — Er(Li) 4

The variation in the absorption energy under triaxial strains applied to
LiFePO4 and FePOy is illustrated in Fig. 3.

Fig. 3-a shows that the absorption energy of Li © ions varies with
changes in volume induced by the applied strains. For the free LiFePOy4
and FePOy systems, the absorption energy is measured at —3.92 eV. In
contrast, Kaifu Zhong and al, based their study on the GGA-PBE
approach and found that the absorption energy for the free system is
—2.18 eV [69]. This difference in values can be attributed to the
methodology used and the inherent approximations in each approach.
As shown in Fig. 3-a, the absorption energy varies with the applied
stress. It changes from its initial value of —3.92 eV for the undeformed
LiFePO4 to —3.32 eV under a tensile stress of +6 % and increases to
—3.08 eV under a compressive stress of —6 %. And this shows that the
variation in volume resulting from changes in tensile and compressive
stress leads to an increase in absorption energy. This correlation can be
explained by the fact that an increase or decrease in volume creates
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Fig. 3. Variation in the absorption energy of Li ™ ions as a function of volume under applied strains on LiFePO, (a) and FePO, (b).

space between the atoms in the unit cell of LiFePQy, greater or smaller
than in the undeformed state. This can lead to a rearrangement of the
atoms in the unit cell. As a result, the absorption of Li" ions during this
rearrangement would be more difficult. This leads to increased agitation
of the valence electrons, making the propagation of Li* ions more
difficult. As a result, variations in absorption energy are directly related
to structural changes and atomic interactions within the system. On the
other hand, as shown in Fig. 3-b, the tensile or compressive strains
applied to the FePO4 system show that the absorption energy increases,
particularly under the first tensile +1 % or compressive strain of —1 %.
The absorption energy increases from —3.92 eV for the undeformed
FePO4 to —2.8 eV under the +1 % tensile strain, and to —2.78 eV under
the first —1 % compressive strain. This significant increase in absorption
energy can be explained by the fact that the strains lead to the creation
of stronger bonding forces within the FePO4 system, making it more
thermodynamically stable. After the initial tensile (+1 %) and
compressive (—1 %) strains, the absorption energy undergoes a slight
decrease, which can be explained by the reduction in the agitation of the
valence electrons or by the contribution of atomic orbitals. It should be
noted that the effect of the strains on the contribution of orbitals to the
bonding will be explained in more detail later, particularly in Fig. 8. This
slight decrease in absorption energy for the FePO4 system reaches a
value of —2.99 eV when the tensile strain is +6 %. In the case of the
maximum compressive strain of —6 %, the absorption energy stabilizes
at —2.82 eV. This clearly shows that the first strain applied to FePO4
leads to a significant reduction in the absorption energy of lithium ions
in the cathode. In addition to the initial interpretation, this decrease can
also be explained by modifications in the crystalline structure of the
material, which influence the interactions between the lithium ions and
the absorbing FePO4 system.

3.4. Open circuit voltage (OCV)

In general, the open circuit voltage (OCV) is the primary factor
determining the reliability of cathodes used in batteries [22,65,76].
When the OCV is between 2.5 V and 4.5 V, the material used for the
cathode is considered viable. However, if the OCV exceeds 4.5 V, the risk
of explosion becomes more likely, and if the voltage drops below 2.5V,
irreversible reactions may affect the battery’s performance [65].
Therefore, optimization of the material is necessary, This optimization
may involve modifications to the chemical composition, crystalline
structure, or manufacturing process to enhance the performance and
stability of the cathode, ensuring better efficiency and a longer lifespan
for the battery [42,49]. To calculate the OCV, we will apply the
following equation (5):

40

()

With AE representing the absorption energy and e being the absolute
value of the electron charge, the variation of the OCV under triaxial
tensile and compressive strains is schematized in Fig. 4.

Fig. 4 shows that the open circuit voltage (OCV) for the undeformed
LiFePO4 and FePO4 systems is 3.92 V. This value falls within the oper-
ating voltage range (2.5-4.5 V) for battery cathodes [22,86]. In other
studies, the open circuit voltage value of LiFePOy is 3.6728 V and 4.62 V
[90,91]. This difference in open circuit voltage values is due to the
calculation methods and cathode optimization techniques. This result is
significant because it ensures the reliability of the method chosen in our
study. Additionally, it reveals a similarity with the operational re-
quirements of lithium-ion batteries LiFePO4, which is crucial for
ensuring good cathode efficiency. In contrast, Fig. 4-a demonstrates that
the application of increasing strains to the LiFePO4 system alters the
initial OCV value, while still keeping it within the battery operating
range (2.5-4.5 V). For instance, under a maximum tensile strain of +6
%, the OCV value drops to 3.32 V, while it reaches 3.08 V under a
maximum compressive strain of —6 %. This result could contribute to
research on improving lithium-ion batteries, making them capable of
operating across a wide range of temperatures. On the other hand,
Fig. 4-b shows that the OCV drops significantly with the first applied
strain on the FePO4 system of +1 % amplitude. At this strain level, the
OCV decreases to 2.79 V under a +1 % tensile strain and 2.77 V under a
—1 % compressive strain. This drop in OCV is linked to the decrease in
the desorption energy of Li* ions, a phenomenon we discussed earlier.
When strains are applied to the FePO4 system, this induces a modifica-
tion in the structure and interactions within the cathode, leading to a
reduction in the lithium ions’ ability to desorb efficiently, resulting in a
drop in OCV. However, the OCV remains within the operating range for
cathodes, typically between 2.5 V and 4.5 V. This indicates that, despite
the drop in open circuit voltage due to the applied strains, the battery
still maintains sufficient operational capacity to function effectively.
After this initial drop in OCV, the application of triaxial tensile/com-
pressive strain leads to a slight increase in the OCV, which eventually
reaches 2.98 V under a maximum tensile strain of 46 %, and 2.82 V
under a maximum compressive strain of —6 %. This variation in OCV
opens new perspectives for future research, offering the potential to
better control the cathode voltage by adjusting the applied strains,
whether tensile or compressive.
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Fig. 4. Variation of the open circuit voltage (OCV) as a function

3.5. Energy density

Energy density is generally defined as the amount of energy that a
material can store. In our case, it refers to the amount of energy a lithium
battery can store per unit of mass. This energy is directly influenced by
the variation in the open-circuit voltage (OCV) generated by the cath-
ode. Understanding this energy helps in optimizing lithium-based
cathodes under different triaxial tensile and compressive stress. As
demonstrated by Aled D. Roberts and al [92], energy density can be
expressed as follows:

nxFxVy,

E, =
473600 x M,

(6)

With n being the number of moles of electrons transferred during the
electrochemical reaction, F the Faraday constant, Vocy the open-circuit
voltage of the cathode, and Mc the molar mass of the cathode material.
The results of the energy density optimization under the application of
triaxial tensile/compressive stress on the two systems LiFePO4 and
FePOy are presented in Fig. 5.

Fig. 5-a shows that the energy density decreases in both cases, under
tensile or compressive stress. For the undeformed system, the energy
density is 666.83 Wh/kg with an open circuit voltage (OCV) of 3.92 V.
This value is close to the one found by Mourad Rkhis and al [65], which
is 572.923 Wh/kg with an OCV of 3.37 V. When the LiFePO4 system is
subjected to a maximum tensile strain of +6 %, the energy density be-
comes 564.42 Wh/kg, with an OCV of 3.32 V. Conversely, in the case of
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of the triaxial strains applied to LiFePO, (a) and FePO, (b).

maximum compression of —6 %, the energy density is 523.28 Wh/kg
with an OCV of 3.08 V. For the FePOy4 system, under tensile/compressive
stress (Fig. 5-b), the energy density inevitably drops as a result of the
first applied strain of +1 %. For a tensile strain of +1 %, the energy
density reaches 475.63 Wh/kg, while for a compressive strain of —1 %, it
drops to 471.7 Wh/kg, with the corresponding voltages of 2.8 V and
2.78 V, respectively. The energy density then shows a nearly constant
increase, ultimately reaching 507.71 Wh/kg under a maximum tensile
strain of +6 %, with the corresponding voltage at this strain equal to
2.99 V. In contrast, under a maximum compressive strain of —6 %, the
energy density is 478.46 Wh/kg, with the corresponding voltage at 2.82
V. This variation in energy density is directly related to the changes in
OCV, which also vary depending on the applied stress. Thus, it can be
concluded that triaxial stress provide a way to control the variation in
OCV and, consequently, manage the variation in energy density, which
can influence the performance of LiFePOy4 lithium-ion batteries. Indeed,
tensile or compressive strains do not increase energy density. As shown
in equation (6), energy density is related to the open circuit voltage
(OCV). In our case, deformation is not beneficial, but it opens up per-
spectives for future research. For example, if a voltage higher than 4.5V
is reached, strains should be applied to reduce it and bring it within the
2.5-4.5 V range (the commercialization range for batteries). This
decrease in (OCV) would be followed by a reduction in energy density
but would help avoid the risk of explosion.
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Fig. 5. Variation of energy density under triaxial stress applied to LiFePO4 (a) and FePOy4 (b).
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3.6. Variation in the distance between (P-O) and (Fe-0O)

When the LiFePO4 and FePO4 systems are subjected to strain, the
interatomic distance can be influenced by the migration of ions within
these two systems, from one site to another. Thus, understanding the
variations in the distance between atoms in a given system under strain
can provide insights into the changes in open-circuit voltage (OCV) as
well as the alterations in charge density, a topic that will be further
explored in this work [65]. To achieve this goal, we calculate the vari-
ations in the distances between the phosphorus and oxygen atoms on
one hand, and between the iron and oxygen atoms on the other hand, in
both the LiFePO4 and FePO4 systems under triaxial tensile and
compressive strains. The results of these distances are illustrated in
Fig. 6.

As shown in Fig. 6, when triaxial tensile and compressive strains are
applied, the distances between the P-O and Fe-O atoms undergo
changes, but these variations are much more pronounced in the case of
the LiFePOy4 system subjected to tensile and compressive deformations
compared to FePOy. Specifically, when applying strains to LiFePOy, the
distance between P-O increases from 1.519 A to 1.534 A under a
maximum tensile strain of +6 % and decreases to 1.491 A under a
maximum compressive strain of —6 %. On the other hand, the distance
between Fe—O changes from 2.083 A for the undeformed LiFePO, system
to 2.229 A under a maximum tensile strain of +6 % and decreases to
1.956 A under a maximum compressive strain of —6 %. This significant
variation is attributed to the ionic interactions between the ions in the
LiFePQy4 system. On the other hand, when the FePO4 system is subjected
to tensile or compressive strains, the variations in the distance between
the P-O atoms remain nearly constant, changing only by 0.06 %-1 %
compared to the undeformed FePO4 system. Meanwhile, the variation in
the distance between Fe-O under the applied triaxial tensile and
compressive strains on FePO4 ranges from 0.1 % to 2.3 % relative to the
undeformed FePO4 system. This small variation in the P-O and Fe-O
distances when strains are applied to FePO4 reflects the high stability of
the FePO4 system.

3.7. Charge density

In the field of batteries, understanding the electronic charge density
generally allows us to determine how much charge a material can store,
as well as the success of the electrochemical reactions facilitated by the
cathode [93]. Indeed, a low distribution of charges within the electrodes
can reduce the speed of oxidation and reduction reactions, which may
lead to a shorter battery life, and vice versa. Furthermore, the electronic
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charge density helps to identify the types of bonding in the studied
system and analyze charge transfer under applied constraints, whether
tensile or compressive. With this in mind, we have determined the
electronic charge density and represented it in the [100], [010], and
[001] directions to better understand the electronic behavior of the
LiFePO4 system under triaxial constraints [68,84]. The results obtained
are illustrated in Fig. 7.

Before presenting the results of the electronic charge density ob-
tained in this research, it is essential to understand the types of bonds
formed in the LiFePOy4 system. First, lithium (Li), being an alkali metal,
easily loses its valence electron to form the Li* ion. On the other hand,
the phosphate ion PO3~ is negatively charged and forms an ionic bond
with the Li* ion, ensuring an electrostatic interaction between these two
ions [74]. Next, in the phosphate ion POE_, phosphorus (P) forms co-
valent bonds with the four oxygen atoms, allowing the formation of a
stable tetrahedral structure. As for iron (Fe), it is typically found in the
FeZ* oxidation state, where it is surrounded by six oxygen atoms,
forming an octahedral FeOg complex [94]. In this complex, the electron
sharing between iron Fe?* and oxygen O~ is more polar, as oxygen is
more electronegative than iron [95]. Therefore, the interactions be-
tween Li*, Fe?", and PO3 ™ ions are responsible for the formation of the
crystal lattice and contribute to maintaining the cohesion of the LiFePO4
solid.

As shown in Fig. 7, the representation of the electronic charge den-
sity of LiFePOy, both under strain and in free conditions, along the three
crystallographic directions [100], [010], and [001], reveals that the
electron density is much higher around the POz ion, as oxygen is the
most electronegative element among those that make up LiFePOy. This
density decreases in relation to the bonds formed between the POj~
phosphate group and the Li™ and Fe2* jons, but it remains significant in
the case of the interaction between POE_ and Li™, as the ionic bond leads
to a relatively significant electron transfer. In contrast, in the case of the
bonds between PO?( and Fe2+, the electron sharing is lower, as the bond
is polar, with iron having a lower electronegativity than oxygen. On the
other hand, the electron density can be influenced by the applied strains.
For example, when a maximum tensile strain of +6 % is applied, we
observe that the electron sharing between the PO?{, Li*, and Fe®* ions
starts to decrease. In contrast, when a maximum compressive strain of
—6 % is applied, this electron sharing increases. This is particularly
evident from the dotted lines, which illustrate the electron sharing
behavior. These lines converge under compression and diverge under
tension. This variation can be explained by the atoms coming closer
together under compression, while they move farther apart under ten-
sion. Ultimately, we can conclude that the applied strains not only
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Distributions of electronic charge density in LiFePO, under maximum tensile/compressive strain in the [100], [010], and [001] directions.
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Fig. 8. Total Electronic Density of States (TDOS) and Partial Density of States (PDOS) for the free and triaxially strained systems, LiFePO4 (a) and FePOy4 (b).

improve the open-circuit voltage (OCV), but also promote redox re-
actions, which can further optimize the charge and discharge cycles of
the LiFePOy4 battery. This will enable future research to gain insights into
the durability of catalysts based on charge distribution and could also
guide these studies in finding solutions to the durability problem.

3.8. Electronic properties

As we previously determined, the electron density varies depending
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on the bonds formed between the ions in the lithium states of LiFePOg4. In
this context, and to gain a better understanding of the electronic states of
the lithium system LiFePO4 and the iron-free FePO4 system, we calcu-
lated the total density of states (TDOS) as well as the partial density of
states (PDOS) for both spin-up and spin-down states [32,86]. The results
are illustrated in Fig. 8, where the dashed line indicates the Fermi level,
set to 0.

Fig. 8-a shows that the unstrained LiFePO4 system exhibits semi-
conductor behavior with a bandgap of 2.256 eV, which is in good
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agreement with other results found in the literature: 2.24 eV [96] and
2.69 eV [65]. This small variation is attributed to the calculation method
used. This energy gap can vary depending on the applied stress, but with
a small amplitude. Additionally, the density of states also changes under
the influence of these stress. For example, in the case of spin-up states,
the conduction band is primarily populated by oxygen (p) states and iron
(d) states, while in the case of spin-down states, the conduction band is
mainly filled with oxygen (p) states, with a minor contribution from
phosphorus (p) states and lithium (s) states. The valence band, within
the energy range of 2.256 eV-5 €V, is populated by iron (d) states for the
spin-down case, while a lack of states is observed for the spin-up case. In
the energy range of 5 eV-15 eV, both for spin-up and spin-down, the
band is generally filled with oxygen (p) states and lithium (s) states.
Moreover, the peaks in the total density of states (TDOS) undergo sig-
nificant changes: they increase under tension and decrease under
compression. The large peak in the conduction band for the spin-up case
increases from 13.45 (states/eV) for the undeformed LiFePO, system to
15.05 (states/eV) under a +6 % tensile strain and decreases to 11.43
(states/eV) under a —6 % compressive strain. Similarly, the large peak in
this band for the spin-down case increases from —13 (states/eV) for the
undeformed LiFePO4 system to —14.04 (states/eV) under +6 % tensile
strain and decreases to —11.71 (states/eV) under —6 % compressive
strain. The peaks in the total density of states (TDOS) follow the same
trends: they increase under tension and decrease under compression.
More specifically, the large peak in absolute value in the valence band
for both spin-up and spin-down is 8.27 (states/eV), and it increases to
10.39 (states/eV) under +6 % tensile strain, while it decreases to 6.87
(states/eV) under —6 % compressive strain.

Fig. 8-b shows that the undeformed system is characterized as a
semiconductor with a gap of 1.831 eV, which is in good agreement with
other previously published results: 1.46 eV [ref] and 1.37 eV [ref].
However, this characteristic does not hold under applied strains. For
instance, applying compressive strain turns the material metallic, with a
gap of 0 eV. This behavior is due to the strong bonding between ions,
which move closer together under compression in FePO4. In contrast,
under tensile strain, the gap increases and reaches 2.09 eV, as a result of
the ions moving further apart. Furthermore, the valence bandwidth
elongates under tension and narrows under compression. Specifically,
the valence bandwidth is [—9.48; 0] eV for the undeformed FePOy4
system, and becomes [—-11.66; 0] eV when subjected to +6 % tensile
strain, and [—9.14; 0] eV under —6 % compressive strain. The same
phenomenon has been reported in other applications using triaxial and
biaxial strains to enhance thermodynamic properties for hydrogen
storage. The contribution of states in the FePO,4 system to the valence
band is generally dominated by iron (d) states and oxygen (p) states for
spin-up cases. Conversely, for spin-down cases, the contribution is
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entirely from oxygen (p) states, with a small contribution from phos-
phorus (p) and iron (d) states. For the valence band, the contribution of
phosphorus (p) states becomes more prominent, whether for spin-up or
spin-down cases, with a minor contribution from iron (d) states and

oxygen (p) states.

3.9. Band gap

To fully understand the effect of triaxial strains on the bandgap,
which can also impact charge transfer during cathode operation, we will
study the bandgap under the effect of triaxial tensile/compressive
strains applied to both lithiumated LiFePO4 and de-lithiated FePOg4
systems [65]. The results obtained are shown in Fig. 9.

As shown in Fig. 9-a, when the LiFePO4 system is subjected to
compressive strain, the bandgap decreases significantly, from 2.265 eV
for the undeformed system to 2.089 eV for the system under a maximum
compression of —6 %. This substantial decrease can be attributed to the
ionic interactions between the LiT, Fe2+, and PO?( ions, which move
closer together under the applied strain, thereby facilitating electron
sharing. In contrast, under tensile strain, the bandgap decreases but to a
lesser extent, reaching 2.233 eV under a +6 % tensile strain. This can be
interpreted as the result of weaker interactions between the ions in the
case of tension.

Fig. 9-b shows a significant change in the case of compression, where
the bandgap drops from 1.831 eV for the undeformed FePO, system to O
eV under the first compression of —1 %, then experiences a slight in-
crease, eventually reaching 0.355 eV under a compression of —6 %. This
sharp decrease followed by a slight increase can be interpreted as the
compression pushing the ions to form a more stable structure, leading to
a minimal modification in their arrangement after this transformation.
In contrast, under tensile strain, the bandgap increases, reaching up to
2.09 eV under a +6 % tensile strain. This increase is due to the reduced

interaction between the ions.

4. Conclusion

In this work, triaxial stress have been applied to optimize and control
the open-circuit voltage (OCV) as well as the energy density under these
stress for the lithium-based LiFePO4 battery cathode. The study also
focuses on the thermodynamic, electrochemical, electronic, and struc-
tural properties based on the generalized gradient approximation
(GGA). The results show that.

v The triaxial stress applied to LiFePO4 allow the open-circuit voltage
(OCV) to vary between 3.08 V and 3.92 V, while for FePOy4, the OCV
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Fig. 9. Variation of the bandgap under triaxial strain for LiFePO4 (a) and FePO, (b) systems.
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varies between 2.81 V and 3.92 V, all within the voltage range of
commercial batteries (2.5 V-4.5 V).

v The triaxial stress are capable of varying the energy density between
523.28 and 666.83 Wh/kg when applied to LiFePOy4, and between
478.46 and 666.83 Wh/kg when applied to FePOy.

v/ The absorption energy of lithium ions (Li") varies between —2.81 eV
and —3.92 eV depending on the stress applied to LiFePO4 or FePOy4.

v The charge density is significantly higher when compression stress
are applied compared to tensile stress on LiFePO,4, which helps
improve the performance of the cathode.
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