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LiFePOy is a cathode material with good thermal stability, but low thermal conductivity is a critical problem. In this
study, we employ a machine learning potential approach based on first-principles methods combined with the Boltzmann
transport theory to investigate the influence of Na substitution on the thermal conductivity of LiFePO4 and the impact of
Li-ion de-embedding on the thermal conductivity of Liz ;4Na, /4FePOy, with the aim of enhancing heat dissipation in Li-ion
batteries. The results show a significant increase in thermal conductivity due to an increase in phonon group velocity and a
decrease in phonon anharmonic scattering by Na substitution. In addition, the thermal conductivity increases significantly
with decreasing Li-ion concentration due to the increase in phonon lifetime. Our work guides the improvement of the
thermal conductivity of LiFePO,4, emphasizing the crucial roles of both substitution and Li-ion detachment/intercalation
for the thermal management of electrochemical energy storage devices.

Keywords: lattice thermal conductivity, machine learning potential, LiFePO4
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1. Introduction

Li-ion batteries are widely used in portable electronic
products due to their small size, light weight and high en-

141 The cathode materials of Li-ion batteries

ergy density.
are developing towards the direction of high energy density,
long cycle life, low cost and being environmentally friendly."!
LiFePOy is of great interest due to its low cost, long service
life and high thermal stability.%7! Unfortunately, LiFePO4
also has significant disadvantages; for example, at room tem-
perature the electronic conductivity (107°-1071 ¢cm?.S~1)
and Li-ion diffusion rate (10~'4-1071® cm?.S~!) are low,
leading to the poor electrochemical performance.!®! To ad-
dress these issues, doping with isovalent cations was found
to be a very effective method, thus Na substitution at the Li
sites of LiFePQO, is expected to improve its electrochemical
performance. ! LiFePO, absorbs and releases energy by dis-
engaging and intercalating Li™ and electrons. When Na™ is
doped, the b lattice constant decreased from 6.04 A to 5.86 A,
enhancing Li™ intercalation/de-intercalation and accelerating
Li-ion diffusion.'% After Na* doping, Na* has lower activity
than Li™ and remains in position, supporting one-dimensional
channels that strengthen the crystal structure of the material
and improve the cycling performance.!!!] The impedance of
the Na-doped electrode is significantly reduced and the slope
increases in the low-frequency region, indicating that Na dop-
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ing effectively improves the electrode conductivity and Li-ion
mobility. The charge—discharge data show that a small amount
of Na™ doping improves the electrochemical performance, ex-
hibiting good rate capacity and cycle stability, namely, good
lattice parameters and conductivity enhancement.[!%13]

In addition, the internal heat generation during the bat-
tery charge—discharge process increases significantly.!!*] If the
heat is not dissipated in a timely manner it can cause battery
overheating and even safety issues. Therefore, developing a
strategy for improving the heat dissipation of Li-ion batter-
ies is crucial for their safety and future development.[!5-21]
Feng et al. employed quantum computational methods, in-
cluding high-order lattice anharmonicity, and found that the
thermal conductivity k¥ of Li,TMO; materials was signifi-
cantly lower than previously believed. De-lithiation further
reduced the thermal conductivity of LiCoO, and LiNbO; by
40%-70%.">! Qian et al. used molecular dynamics simula-
tions to calculate the thermal conductivity of Li—graphite in-
tercalation compounds (Li,Cg). They discovered that Li inter-
calation has an anisotropic effect on thermal conductivity and
provided the first atomic-scale insights into the impact of Li
intercalation on the phonon spectral properties of graphite.!!”]
However, the huge computational cost of first-principles theo-
retical studies and the accuracy of classical molecular dynam-
ics studies are limited by empirical potentials, so the effect
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of Na substitution on the thermal conductivity of LiFePOj re-
mains to be explored. Therefore, in this work we use the ma-
chine learning potential based on the first-principles combined
with the phonon Boltzmann transport equation (PBTE) to sys-
tematically study the thermal conductivity of LiFePO,4 and the
effects of Na substitution for Li on thermal conductivity. The
results showed that Na substitution at one Li site of LiFePOy
significantly enhances the phonon thermal conductivity, from
0.37 W-m~ 1K1 t0 7.8 W-m~!.K~1, a 21-fold increase.

2. Model and methodology

The conventional unit cell of LiFePO,4 has an orthogo-
nal olivine structure (space group Pnma)!?>?>3! with 28 atoms,
comprising four Li, four Fe, four P and 16 O atoms, where the
four Li atoms are equivalent, as shown in Fig. 1. In the crys-
tal structure, a P atom occupies the center of a tetrahedron, the
Fe?* ions coordinate with the neighboring O atoms to form oc-
tahedral units (FeOg), the octahedral units are corner sharing,
and the tetrahedral units (POZ_) are edge and corner sharing
with the FeOg units. >4

In this work, we substituted Na for Li, and investigated
the influence of Na substitution on the thermal conductivity
of LiFePQOy.
sity functional theory (DFT) were implemented on the Vienna
ab initio simulation package (VASP).?>7271 We selected the
generalized gradient approximation (GGA) with the Perdew—
1 and the
plane wave cutoff energy was set to 550 eV. For the geomet-

The first-principles calculations based on den-

Burke—Ernzerhof exchange correlation function, ?

ric optimization, all crystal structures were fully relaxed with
a 6 x5 x4 k-point grid, and the convergence criteria for the
eV-A’l, re-
spectively. To implement the moment tensor potentials (MTP),

energy and forces were set to 107° eV and 1074

a 400-step ab initio molecular dynamics simulation with a
time step of 1 fs and a temperature of 50-800 K was used
as a training set for the machine-learning interatomic potential
package.!?=3! During the MTP training process, the weights
of energy, force and stress were 1, 0.1 and 0.001, respectively.
We examined the root mean square error of energy and force
between the MTP and DFT calculations, as shown in Fig. S1
of the supporting material, which indicated that our machine
learning-trained potential function was sufficiently precise to
reproduce the interatomic interactions of the DFT. Further-
more, we performed molecular dynamics simulations over
400 ps. The energy of LiFePO4 and Liz/4Na; ,FePO4 versus
simulation time is illustrated in Fig. S2 of the supporting ma-
terial, which show that the trained machine learning potential
indeed provided a dynamically stable system. The MTP can
be used to avoid the huge computational cost associated with
the DFT to calculate the second-order force constants (2"4FCs)
and the third-order force constants (3"FCs). In addition, the

2MECs, phonon dispersion and phonon density of states were
obtained using the MTPs combined with the Phonopy soft-
ware package!®?! with a 3 x 3 x 2 supercell based on the finite
displacement method, while the 3"ECs were calculated us-
ing the MTPs with a 3 x 3 x 2 supercell and the third nearest-
neighboring atom as the cutoff radius. Moreover, based on
2"ECs, and 3"FCs, the lattice thermal conductivity can be
obtained by solving the phonon Boltzmann transport equation
via the ShengBTE package!*3-37! with 9 x 9 x 9 k-point grid to
ensure the convergence. In addition, in order to discuss the ac-
curacy of MTP, we compare the phonon dispersion relations of
LiFePOy and Liz 4Na, /4FePOy calculated by DFT and MTP,
and find that they are consistent with each other, as shown in
Fig. S3 of the supporting material. This means that MTP can
accurately describe the LiFePO4 and Liz /4Na 4FePOy4 sys-
tems.

-

a

Fig. 1. The structures of LiFePOy: the green spheres represent the Li
atoms, the brown spheres represent the Fe atoms, the purple spheres
represent the P atoms and the red spheres represent the O atoms.

3. Results and discussion

As shown in Fig. 1, LiFePO,4 has four sites for the Li
atom, which are marked as Lil, Li2, Li3 and Li4. We sub-
stituted one and two Na atoms for Li atoms at these four dif-
ferent sites respectively and calculated the thermal conductiv-
ity of Liz/4Na;/,FePO4 and Li; ,Na; ,FePO4 along the a, b
and c directions from 100 K to 800 K, as shown in Fig. S4
of the supporting material. The trends of the thermal conduc-
tivities along the a, b and ¢ directions are the same, and the
thermal conductivities along the b direction are chosen for the
subsequent analysis. From Fig. 2(a) it is clear that Na sub-
stitution significantly enhances the phonon thermal conduc-
tivity of LiFePO4. At 300 K (room temperature), LiFePOy4
has a very low thermal conductivity of 0.37 W-m~1.K~!,
while Liz/4Naj/4FePOy4 has a high thermal conductivity of
7.8 W-m K~
that the site where Na substitutes for Li has no influence

1 a 21-fold increase. Moreover, we know
on thermal conductivity of Liz/4Na;/4FePO4, and the ther-
mal conductivity of Liz/;;Na;/4FePOy is higher than that of
LijoNa; ,FePOy4. In our calculated temperature range, it is
shown that the lattice thermal conductivity of all samples de-
creases with increasing temperature due to the intrinsic Umk-
lapp phonon scattering. [3%]
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Fig. 2. (a) Lattice thermal conductivity of LixNa(l,x) FePOy4 (x=1, 3/4,
1/2) along the b direction as a function of temperature. (b) Lattice ther-
mal conductivity of LiNa; 4 FePOy4 (x = 3/4, 1/2, 1/4, 0) along the b
direction as a function of temperature. (c) Lattice thermal conductivity
of LiyNay /4 FePOy4 (x = 3/4,1/2, 1/4, 0) along the b direction at 300 K.

To further study the thermal

Liz/4Na; 4FePO4 and the delithiation-induced heat transfer

conductivity  of

mechanism, we calculated the lattice thermal conductivity
of Li,Na; /4FePO4 (x =3/4, 172, 1/4, 0) along the b direc-
tion from 100 K to 800 K, as shown in Fig. 2(b). Moreover,
we removed a certain number of Li atoms to simulate the
detachment process and plotted the lattice thermal conduc-
tivity of LiyNa; 4FePO4 versus Li concentration x at 300 K,
as shown in Fig. 2(c). According to the structural properties
of Liz/4Naj /4FePOy, the chemical environment of the three
Li atoms is equal. The thermal conductivity is the same no
matter which Li ion is removed. When two Li ions are re-
moved, there are two different configurations depending on

the location of the removed Li ions. In Fig. 2(c), the thermal
conductivity monotonically decreases as the Li-ion concentra-
tion increases, and there is an anomalous phenomenon when
two Li ions are removed: when removing Li ions from sites
1 and 2, the thermal conductivity significantly decreases com-
pared with the other structure at the same Li concentration.

In order to understand the origin of the remark-
able increase in thermal conductivity of Na substitution
LiFePO4, we calculated the phonon dispersion of LiFePOy4
and Liz/4Na;/,FePO4 based on MTP, as shown in Fig. 3.
There is no imaginary frequency in the phonon dispersions in
Figs. 3(a) and 3(b), illustrating that the structures are dynami-
cally stable. In the low-frequency region, the phonon vibration
frequency of Liz 4Nay 4FePOy is higher than that of LiFePOy4,
which means that acoustic phonons of Liz 4,Na; ,4FePO4 have
a higher group velocity than those of LiFePO4. The group ve-
locity of each phonon mode is calculated by v; , = dw, ,/dq,
and the group velocities of acoustic phonons (LA), trans-
verse acoustic phonons (TA1 and TA2) and optical phonons
(OPITCAL) along the b direction are plotted in Figs. 3(c)
and 3(d).
ity of Liz/4Na;/4FePOy is significantly higher than that of
LiFePOy, especially LA phonons. Based on PBTE, lattice
thermal conductivity in the i direction can be expressed as

It is obvious that the acoustic phonon veloc-

K= ZA’qCphvgi(l,q)T(l,q); the summation is over all
phonon modes with wave vector g and dispersion branch A,
Cpn is the mode volumetric specific heat, vg;i(A,q) is the ith
component of the group velocity vector and 7(A,q) is the
lifetime of the phonon mode with wave vector g and disper-
sion branch A.3%#?1 The thermal conductivity of each phonon
mode is proportional to the square of the phonon group veloc-
ity, therefore the larger group velocity of acoustic phonons in
Liz/4Nay /4FePOy is one of the key reasons for the much higher
thermal conductivity of Li3 4Na; /,FePOs.

From the above expression, it is known that the ther-
mal conductivity of each phonon mode is proportional to the
phonon lifetime 7(A,q). The Griineisen parameter and life-
time of each phonon mode in LiFePOy4 and Li; 4Na; /4FePO4
are shown in Figs. 3(e) and 3(f), respectively. Generally, a
large Griineisen parameter indicates strong phonon—phonon
anharmonic scattering and is responsible for a low lifetime and
low thermal conductivity.[*3! Tt is clear in Figs. 3(e) and 3(f)
that the Griineisen parameter of Liz/4Na;/4FePOy is lower,
which results in a higher phonon lifetime and a significant im-
provement in thermal conductivity.

Moreover, deintercalation/intercalation of Li ions occurs
repeatedly in the cathode during the charging and discharg-
ing process and the thermal conductivity of cathode mate-
rial will vary with changes in Li-ion concentration. To shed
light on the origin of the change in the thermal conductivity

028201-3
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of Liz,/4Nay 4FePO4 with the degree of delithiation shown in
Fig. 2(b), we calculated the Griineisen parameters and phonon
lifetime of Li;Na, /4FePO4 (x =3/4, 172, 1/4, 0) at 300 K,

x decreases, the value of the Griineisen parameters decreases,
which greatly decreases the intensity of phonon scattering, re-
sulting in a significant increase in phonon lifetime and thermal

which are illustrated in Fig. 4. As the Li-ion concentration  conductivity. 4443
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Fig. 3. (a), (b) Phonon dispersion curves, (c), (d) group velocity, (e) Griineisen parameters and (f) phonon lifetime of LiFePO4 and

Liy 4Naj ;;FePOy at 300 K.

To further compare the anharmonicity of LiFePO4 and
Liz/4Na 4FePO4, we analyzed the atomic bonding in terms.
Each phosphate tetrahedron and each FeOg octahedron share
a common edge in the LiFePOy structure. Due to the strong
covalent nature of P-O bonds, all P-O and O-O distances are
usually fixed. Since the Na atom has a larger diameter than the
Li atom, Na substitution changes the Fe—O bond length of the
FeOg octahedron, which affects the thermal conductivity. [46]
Table 1 lists the bond lengths of all Fe—O bonds as well as
the calculated average bond length and standard deviation (S)
of all Fe-O bonds. The difference in thermal conductivity
is related to the bonding interaction in the structure, which
can be measured by the bond length. The bond strength and
bond length have a negative correlation, and a strong bond is
conducive to obtaining high thermal conductivity.”! Further-
more, reducing the bond strength difference of the system is
beneficial for eliminating the asymmetry of atomic vibration
and improving the thermal conductivity.*¥! The Fe—O bond
length of Li3/4Na;/,FePOy is shorter than that of LiFePOq,
and the bond strength difference of the system is smaller than
that of LiFePOy, so Liz/4yNa;/4FePO4 has a higher thermal

conductivity. From Table 1, the average bond length and stan-
dard deviation of Liz/4Na;/,FePOy4 are lower than those of
LiFePO4. This proves that the bonding strength of LiFePOy4
is mismatched in the system, while the bonding strength of
Liz/4Na; /4FePOy4 is more matched in the system. In con-
clusion, the remarkable increase in thermal conductivity of
Li34Na; 4FePOy is due to the low anharmonic effect caused
by the small difference in bonding strength between atoms.

Table 1. Bond length of all Fe-O bonds, average bond length and stan-
dard deviation (S) of LiFePOy and Liz ,4Na; 4, FePOy4.

Fe-O
Liz/4Na, 4 FePOy LiFePO,
2.04 223
2.05 2.13
Bond length (A) 2.09 227
2.03 2.06
2.10 227
Average bond length (A) 2.06 2.19
S (A) 0.03 0.08

To verify this view, we quantified the bond strength of
Li3/4Na; 4FePO4 and LiFePO4. We used DFT combined
with the LOBSTER package!*’! to calculate the crystal or-
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bital Hamiltonian population (pCOHP) of the Fe—O bonds,
—pCOHP > 0 indicates that the
electrons occupy the bonding orbitals, which is beneficial
to bonding, while -pCOHP < 0 indicates that the electrons
occupy the antibonding orbitals, which is not conducive to
bonding.®® As can be seen from Fig. 5(a), both LiFePO,
and Li3 4Na; /,FePO4 have bonding components, but the anti-

as shown in Fig. 5(a).

bonding synthesis fraction of LiFePO4 is much higher than
that of Liz4Na;/,FePO4. This result proves our point that
Li3 /4Na, 4FePO4 binds more strongly than LiFePOy. In addi-
tion, the integral of pCOHP (denoted as ICOHP) can be used
to quantitatively compare the strength of the bond, as shown
in Fig. 5(b).’!! The results show that Na substitution can im-
prove the bonding strength.

Liz/aNaj4FePOy

Li2Nay /sFePOy
¢ Liy/sNay s FePOy
Na; 4FePOy

3t (a) Lis/aNay/sFePO, 102 % (b)
Liyj2Nay 4,FePOy 3 %

2 4 * LiyjaNay/4FePOy

-Nay/;FePO; e

Griineisen parameters
—
Lifetime (ps)

0 10 20 30 0 10 20 30
Frequency (THz) Frequency (THz)

Fig. 4. (a) Griineisen parameters and (b) phonon lifetime of
Li;Na, 4FePOy4 (x =3/4, 1/2, 1/4, 0) at 300 K.
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Fig. 5. (a) The -pCOHP and (b) -ICOHP of the Fe—O bonds.

4. Conclusion

In summary, we used the machine learning potential ap-
proach to systematically study the effects of Na substitu-
tion for Li on the thermal conductivity of LiFePO4. We
found that Na substitution can significantly improve the ther-
mal conductivity, because the group velocity and the lifetime
of Liz/4Naj/,FePOy4 are higher than those of LiFePO4. In
addition, the Fe—O bond length and the standard deviation
of Liz/4Na;/,FePOy4 are shorter than those of LiFePO4, so
the strength between bonds is larger, and the bond strength
difference of the system is smaller, which is conducive to
eliminating nonharmonics and improving thermal conductiv-
ity of Liz/;4Naj/4FePO4. Moreover, the calculations of the
Griineisen parameters and phonon lifetime reveal that as the

Li-ion concentration decreases, the phonon scattering de-
creases, the phonon lifetime increases and the thermal conduc-
tivity increases. Our findings establish a basic understanding
of the heat transfer of LiFePOy4 batteries, and provide valuable
guidance for improving the thermal conductivity of cathode
materials.
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