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SPECIAL TOPIC — Structures and properties of materials under high pressure

Comparative study on electronic structures of two phases compounds
and origin of the structural phase transition in LiFePQOy4

Peiru Yang(#{f{1), Xinchun Du(#L##), Jie Li(ZEA)", and  Siqi Shi(jiti 55)*
School of Materials Science and Engineering, Shanghai University, Shanghai 200444, China

(Received 16 July 2025; revised manuscript received 15 September 2025; accepted manuscript online 26 September 2025)

LiFePOy4 has normal olivine-structured (a-LFP) and high pressure (3-LFP) phases, with the former being one of the
cathode materials for commercial Li-ion batteries. Despite extensive focus on the respective electrochemical properties of
the two phases, there is a lack of comparative studies on their electronic and magnetic properties, and the origin of the struc-
tural phase transition remains unclear. By combining first-principles calculations with molecular dynamics simulations, we
find that the anisotropic compression of Li—O bonds drives the structural phase transition from a-LFP to 3-LFP at a critical
pressure of 20 GPa, while B-LFP undergoes a transition from semiconductor to metal due to Fe3* generated during delithi-
ation. Their antiferromagnetic (AFM) ground states are predicted to arise from the negative magnetic exchange interactions
between nearest and next-nearest neighbor sites, with the corresponding Néel temperature showing significant enhancement
under pressure. Furthermore, compared with a-LFP, 3-LFP shows increases in bulk, shear, and Young’s moduli of 8%,
13%, and 12%, respectively. These findings enrich the physical property data of LiFePO4 phase compounds, providing
knowledge for expanding the application scenarios of the a-LFP phase under special operating conditions such as high

pressure.

Keywords: lithium-ion battery, LiFePOy, structural phase transition, first-principles calculations
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1. Introduction

Olivine-structured LiFePO, (LFP),
most successful cathode materials in commercialized bat-

as one of the

teries, has garnered significant research attention in re-
cent decades!'™! owing to its reversible Lit intercala-
tion/deintercalation, long cycle life, low cost, and envi-
ronmental friendliness.>® To date, many methods have
been proposed and applied to optimize LFP cathode mate-
rial, including micronization, [7.8] ligand-chain modification, %)
prelithiation,'”) and doping.!''~'#1 However, the low elec-
tronic conductivity and moderate energy density of LFP limit
its performance in fast charging and discharging of lithium-

ion batteries.!1>-16

I Thus, exploring the multi-physics cou-
pling among electrons, ions, magnetism, pressure, defects, and
temperature is highly necessary for optimizing LFP cathode
material.[17-20]

Among various factors influencing the performance of
LFP, pressure plays one of the most critical and complex
roles. It is established that LFP undergoes a structural phase
transition from o-LFP to B-phase (B-LFP) under high pres-
sure, primarily driven by Li* migration. For instance, this
transition was first reported to occur at 6.5 GPa by Garcia-
Moreno et al.>'! and also observed at 3.3 GPa by Lin et al.,??]
while Dong et al.!?*! noted only anisotropic lattice compres-
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sion without a clear phase transition up to 28.2 GPa. Mean-
while, phase transitions have also been shown to significantly
influence Li* migration behavior, which may open up new
possibilities for the development of LFP with higher packing

24.251 However, a con-

density and volumetric energy density.!
sensus on the critical pressure and the origin of the phase tran-
sition has not yet been established. In addition to the structural
phase transition, a pressure-induced magnetic phase transition
from antiferromagnetic to non-magnetic state has also been
reported.?!) Therefore, it is essential to systematically inves-
tigate both structural and magnetic phase transitions, along
with their impacts on the electrochemical performance of LFP,
facilitating its development as a high-performance cathode
material. [*?]

In this work, we systematically investigate the structural,
electronic, and magnetic properties of LFP in two different
phases. By using first-principles calculations combined with
molecular dynamics (MD) simulations, we identify that the
critical pressure for the phase transition is 20 GPa, and the
anisotropic compression of Li—O bonds is the most signif-
icant factor in the structural phase transition process. Ad-
ditionally, our results show that B-LFP exhibits higher elec-
tronic conductivity and enhanced mechanical properties com-

pared to o-LFP, indicating that a cathode material comprising
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both a-LFP and a moderate amount of B-LFP is expected to
be a promising candidate for high-performance electrodes for
lithium-ion batteries.

2. Methods

All first-principles calculations are performed using
density functional theory (DFT) with the Perdew—Burke-
Ernzerhof (GGA-PBE) generalized gradient approximation,
as implemented in the Vienna Ab initio Simulation Package
(VASP).[2627] A Hubbard U value of 4.3 eV is adopted to de-
scribe the electron correlation in the d orbitals of Fe.l?8! In
our calculations, the cutoff energy for wave functions is set
to 500 eV, and geometric optimization is performed using the
conjugate gradient method until the forces on each atom are
below 0.01 eV/A, with a total energy convergence criterion of
1073 eV. Li* migration barriers are calculated using the climb-
ing image nudged elastic band (CINEB) method.”! The ab
initio molecular dynamics (AIMD) simulations are performed
using the NPT ensemble (isothermal-isobaric ensemble) with
the Parinello-Rahman algorithm.*° The Langevin thermostat
is employed, with appropriate adjustments applied during the
NPT simulations.

3. Results and discussion

As shown in Fig. 1(a), o-LFP adopts an olivine structure
composed of FeOg octahedra and POy tetrahedra. Li ions oc-
cupy channels along the [010] direction and form LiOg octahe-
dra with the surrounding O atoms, forming a one-dimensional
pathway that facilitates rapid Li™ insertion and extraction. In
contrast, in B-LFP, FeOg octahedra are linked to LiO4 and
POy tetrahedra through corner-sharing. Based on our DFT cal-
culation results, the lattice parameters of a-LFP (3-LFP) are
a=475A,b=6.06A,c=1042A (a=5.63A,b=6.20A,
c = 8.34 A), respectively, which agree well with previous
work. 3134 Meanwhile, compared to B-LFP, a-LFP has an
energy advantage of 0.12 eV/f.u. Extended calculations show
that the energy advantage of o-LFP gradually decreases as
the hydrostatic pressure increases, eventually becoming the 3-
LFP ground state, consistent with previous work!>?! (see the
inset of Fig. 1(b)). The critical pressure for the phase tran-
sition is approximately 20 GPa. Additionally, the [001] di-
rection of a-LFP is the most sensitive to compression under
hydrostatic pressure (nearly 6.4% under 20 GPa). During this
process, the volumes of the LiOg, FeOg, and PO, polyhedra
decrease by 16.5%, 11.3%, and 4.5%, respectively (as shown
in the top inset of Fig. 1(b)). Their corresponding mechani-
cal characteristics are further explored and shown in Table S1.
The calculated bulk modulus of o-LFP is 93.6 GPa, which
agrees well with the experimental result,>3] whereas B-LFP

exhibits a higher bulk modulus of 101.5 GPa. Moreover, f3-
LFP also shows larger shear and Young’s moduli compared
to o-LFP (see Table S1), indicating that B-LFP has stronger

mechanical properties.
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Fig. 1. (a) Schematic illustration of the structural phase transition of LFP
from a-LFP to B-LFP. (b) The lattice constants as a function of pres-
sure. The bottom inset shows the total energy difference as a function of
pressure (AE' = Eg_1 pp — Eq—Lrp, Where Eq_Lpp and Eg_ p denote the
total energies of o-LFP and B-LFP, respectively). The top inset shows
the relative volumes of LiOg, FeOg, and PO4 polyhedra as a function of
pressure.

To obtain a clear picture of the structural phase transi-
tion, AIMD simulations starting from relaxed a-LFP with a
2 x 2 x 1 supercell (112 atoms) are performed at 300 K and
30 GPa for 20 ps (10000 steps) using the NPT (isothermal-
isobaric) ensemble. As shown in Figs. 2(a) and 2(c), each Li
atom in ¢-LFP is coordinated by six nearest and two next-
nearest oxygen atoms, with Li—O bond lengths of 2.00 A and
3.38 A, whereas B-LFP has four nearest and four next-nearest
oxygen atoms, with shorter nearest (1.92 A) and next-nearest
(3.00 A) Li-O bond lengths.

Under pressure, the lattice parameters further decrease as
the AIMD simulations proceed (see Fig. S3), with the [001] di-
rection exhibiting greater sensitivity than other directions due
to the weaker interplane Li—O-Fe bonding compared to intra-
plane Li—O-Li bonding. This anisotropy causes the Li atoms
to move away from the center of the LiOg octahedron, forming
LiOy tetrahedra with four nearest oxygen atoms, signifying the
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occurrence of the phase transition from o-LFP to 3-LFP. As
shown in Figs. 2(c) and 2(d), the number of nearest oxygen
atoms around each Li atom decreases, whereas the number of
next-nearest oxygen atoms increases as the AIMD simulations
proceed. Thus, the phase transition from o-LFP to 3-LFP can
be expected, even though the clear phase transition process
was not directly observed in the relatively short AIMD sim-
ulations (20 ps). Meanwhile, AIMD simulation results under
lower pressures (1 GPa and 6 GPa) further show that the frac-
tion of local B-LFP decreases as the pressure decreases (see
Fig. S95), suggesting that pressure provides a possible means
to introduce local B-LFP for further modification of o-LFP.
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Fig. 2. (a) and (c) Schematic structures of the nearest (red) and next-
nearest (wine red) O atoms around a Li atom for o-LFP and 3-LFP, re-
spectively. (b) and (d) The average numbers of nearest and next-nearest
O atoms around a Li atom as a function of AIMD simulation time.

For LFP, one of the most successful commercialized cath-
ode materials, the Li™ migration barrier is a critical param-
eter governing its electrochemical performance. The poten-
tial Li™ migration pathways in both phases are depicted in
Figs. 3(a) and 3(b). DFT calculations reveal that the Li™ mi-
gration barriers along the b-axis (path 1), a-axis (path 2), and
ac-plane (path 3) in &-LFP are 0.49 eV, 2.1 eV, and 2.3 eV, re-
spectively, indicating that o.-LFP possesses a one-dimensional
channel along the b-axis that facilitates rapid Li* insertion
and extraction. In contrast, B-LFP exhibits two distinct Li*
migration pathways, where Path 1 shows a lower energy bar-
rier (1.39 eV) than Path 2 (1.52 eV). The significantly higher
migration barriers in 3-LFP are attributed to its lower coordi-
nation number compared to @-LFP. In a-LFP, Li forms LiOg
octahedra with six surrounding oxygen atoms, whereas in -
LFP, each Li™ ion is coordinated to only four oxygen atoms,
forming a more compact tetrahedral LiOy4 unit. The adjacent

LiOy4, FeOg, and PO4 polyhedra share a common vertex, sig-
nificantly reducing the available space for Li™ migration and
further restricting diffusion pathways. Additionally, adjacent
LiT sites, surrounded by octahedral FeOg and tetrahedral POy
units, reduce the available migration cavities and lead to more
tortuous diffusion pathways. Hence, Li™ migration in 3-LFP
requires more energy to overcome the barriers between neigh-
boring Li* sites. Our DFT results demonstrate that the poor
Li™ mobility in B-LFP leads to inferior electrochemical per-
formance, in agreement with previous studies. !
Furthermore, DFT calculations show that the magnetic
configuration of LFP has a significant impact on the Li*™ mi-
gration barrier. When magnetism is not included, the bar-
rier is only 0.33 eV for o-LFP, which agrees well with pre-
vious computational work,[23! but it is still underestimated
compared to experimental measurements. %37 After includ-
ing magnetic effects, the DFT results agree well with these ex-
perimental measurements, and the barrier increases to 0.49 eV
(see Fig. S8). Therefore, we will further explore the magnetic
properties of LFP in the next section. In addition to magnetic
interactions, the effect of pressure on Li™ migration cannot
be neglected, as our calculations reveal that the Li* migration
barriers of both a-LFP and B-LFP gradually increase under

pressure (see Fig. S9).
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Fig. 3. (a) and (b) Schematic Li* diffusion paths for o-LFP and 3-LFP,
respectively. (c) Energy profiles of Li* in o-LFP and 3-LFP.

To explore the magnetic properties of LFP, an effective
Heisenberg spin Hamiltonian was constructed as

H = 1Y (S:5) ~ LY (SiS))

i,J LJ

—J3 Y (8iS}) = Ja Y (SiS;), (1)

i,J iJ
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where J; and J, are the nearest and next-nearest neighbor
exchange interaction parameters for in-plane superexchange
coupling, while J3 and J; are the exchange interaction pa-
rameters for interplane superexchange coupling (as shown in
Fig. S10). S; ; denotes the spin quantum number of a Fe atom
(§ = 2). Based on Eq. (1), the total energies of five spin con-
figurations, as shown in Figs. S11 and S12, can be expressed
as

Epy = (=201 —Jo — J3 — J4)S* + Ey,
Eapmi = (201 — o +J3 — J4)S? + Ey,
Eapv = (201 —Jo — 3+ J4)S? + Ey,
Eapvs = (—J4)S* + Eo,

Enpm4 = J4S? + Ey.

Based on DFT total energy calculations, the superexchange in-
teraction parameters at different pressures are summarized in
Table 1. It can be seen that the superexchange interactions J;
(via Fe—O-Fe) and J3 (via Fe—-O-P—O-Fe) play the dominant
role in establishing the AFM ground state of ¢-LFP, while
these exchange interactions are further strengthened with in-
creasing pressure. A similar situation occurs in -LFP, al-
though the exchange interactions are weaker than in o-LFP.
To further explore the stability of the AFM ground states
of a-LFP and B-LFP, the corresponding Néel temperatures
(TN) are calculated using Monte Carlo simulations based on
the classical Heisenberg model and the above calculated ex-
change interaction parameters. The TN of a-LFP is 47.5 K
(see Fig. 4(a)), in good agreement with previous works. 38411
Significantly, the TN increases to 70 K as pressure is increased
to 16 GPa. Compared to a-LFP, B-LFP exhibits a lower TN
(see Fig. 4(b)), indicating that a-LFP has a stronger ability to
stabilize the AFM ground state against thermal fluctuations.

Table 1. Calculated exchange interaction parameters for LFP under
pressure.

P(GPa) J Ji J 5 Ja
0 —062 —0.05 —0256 —0.01
2 —0.68 —006 —027 —0.01
4  —073 —006 —029 —0.02
6 —077 —0.06 —030 —0.02
olFP 8 —082 —006 —032 —0.03
10 —-088 —0.07 —0.34 —0.03
12 -092 —0.07 —-035 —0.03
14 —-097 —0.07 —036 —0.04
16 —-1.02 —0.07 —0.38 —0.04
18 -1.07 —0.08 —0.39 —0.05
20 —-0.06 —0.35 0.01 —0.19
22 —0.07 -0.39 0.01 —0.2
B-LFP 24  —0.08 —0.39 0.01 —0.21
26 —0.06 —036 —0.01 —022
28 —0.05 —042 0 —0.23
30 —0.09 —043 0 —0.23
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Fig. 4. (a) and (b) The specific heat of a-LFP and B-LFP as a function
of temperature 7 under pressure, respectively. The inset shows the corre-
sponding Néel temperature (TN) as a function of temperature 7.

The exploration of Li™ intercalation and deintercalation
processes in LFP is crucial for its application as a cathode
material in lithium-ion batteries. Therefore, we further in-
vestigate the phase transition pressure, bandgap, Li™ migra-
tion barriers, and open-circuit voltage (OCV) of LFP as Li*
is deintercalated. DFT calculations reveal that the volume de-
creases by 4.9%, with the lattice constant increasing along the
b-axis and decreasing along the a-axis and c-axis, when o-
LFP is completely delithiated to FePO4 (see Fig. 5(a)). In con-
trast, B-LFP undergoes a larger structural deformation (8.2%)
due to the corner-sharing structure among the three polyhedra.
Notably, as the LiT concentration decreases, the critical pres-
sure for the structural phase transition declines from 20 GPa
to 6.95 GPa. Meanwhile, the band gap of o-LFP narrows as
Li™ is deintercalated, reaching a minimum value of 0.61 eV at
Lig.25sFePOy4, and subsequently increases to 1.47 eV at FePOy4
(see Figs. 5(b) and S14). NEB calculations reveal that the Li*
migration barrier decreases as Li™ is deintercalated. In con-
trast, B-LFP exhibits a different phenomenon: it undergoes
a transition from semiconductor to metal as Li™ is deinterca-
lated (see Figs. 5(b) and S15), while the Li™ migration barriers
are further increased (see Fig. 5(c)). To further elucidate the

118201-4
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potential performance of a-LFP and B-LFP, we calculate the
corresponding OCV, which is closely related to the battery’s
energy density and power output. The OCV is defined by!*?!

Evi,_, Fepo, — ELij_ Fepo, + (X1 —x2) ELi

@

X1 —X2
where ELiH1 Fepo, and ELiH2 Fepo, are the total energies of
Lij_,,FePOy4 and Li; _,,FePOy, respectively, and Ej j is the to-
tal energy of an isolated Li atom. As shown in Fig. 5(d), the
OCYV of B-LFP is lower than that of o-LFP.

1
() 10°
<>/<>
- <>/ /o/
©) (@)
[al) O/
g0 1000
R g
- _‘F
E a § xo\
o} ‘S O\ E 0\
Q@ ——nm
N g _20 T~ T —
£% 95w . P
e} g2
z = 710 ././
g 5 -~ —0—a —O—b —MO—c @QB-LFP
0.2 0.4 06 0.8 1.0
= in Li,FePO, —0—a —{—b —M@—c Qa-LFP
1 1 1 1
900 0.2 0.4 0.6 0.8 1.0
z in Li;_,FePO,
(c) —]
1.5 .
- 44 1914
> O v - -
[0 a A ¥
< 10t ¢ ¢
3 @ arge/discharge
& if‘ -
E o8 O ﬂ.
. A oy
2 0.5 >
& l\
= —Hl—« ™
1 1
0 0.4 0.6 0.8

z in Li;_,FePOy,

Compared to o-LFP, B-LFP has higher electronic con-
ductivity, stronger mechanical properties, and comparable en-
ergy density. Therefore, a composite cathode material com-
posed of a-LFP and a moderate fraction of §-LFP could serve
as a promising candidate for next-generation cathode materi-
als. Meanwhile, as demonstrated by AIMD simulations, a lo-
calized B-LFP phase can form within o-LFP under pressure.
Thus, pressure may provide an effective strategy to modify

LiFePOy, warranting further experimental exploration.
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Fig. 5. (a)—(d) Lattice parameters, phase transition pressure, band gap, Li* migration barrier, and OCV of Li;_,FePOy as a function of Li*

concentration, respectively.

4. Conclusion

In summary, based on first-principles calculations, we
systematically investigated the structural, electronic, and mag-
netic properties of a-LFP and -LFP, and revealed that §-LFP
has higher bulk, shear, and Young’s moduli than o-LFP. Since
Li—O-Fe bonds are weaker than Li—O-Li bonds, LFP is par-
ticularly sensitive to pressure along the [001] direction. The
results of AIMD simulations indicate that the anisotropic com-
pression of Li—O bonds under pressure is the primary factor
driving the structural phase transition. Regarding ion trans-
port, the Li* migration barrier of S-LFP is higher than that
of a-LFP and further increases with increasing pressure. It is
worth noting that negative nearest- and next-nearest-neighbor
exchange interactions enable a-LFP and -LFP to maintain
AFM ground states, and the corresponding Néel temperatures

can be further enhanced by increasing pressure. In addition, 8-
LFP undergoes a transition from semiconductor to metal due
to the presence of Fe>* induced by delithiation. This work en-
riches the physical property data for LiFePO4 and is relevant
for optimizing its electrochemical performance under special

operating conditions such as high pressure.
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