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The thermal transport properties of NiNbyOg as anode material for lithium-ion battery and the effect of strain were
studied by machine learning interatomic potential combined with Boltzmann transport equation. The results show that the
lattice thermal conductivity of NiNb,Og along the three crystal directions [100], [010], and [001] are 0.947 W-m~ LK1,
0.727 W-m~1.K~!, and 0.465 W-m~!-K~!, respectively, indicating the anisotropy of the lattice thermal conductivity of
NiNb,Og. This anisotropy of the lattice thermal conductivity stems from the significant difference of phonon group ve-
locities in different crystal directions of NiNb,Og. When the tensile strain is applied along the [001] crystal direction, the
lattice thermal conductivity in all three directions decreases. However, when the compressive strain is applied, the lattice
thermal conductivity in the [100] and [010] crystal directions is increased, while the lattice thermal conductivity in the [001]
crystal direction is abnormally reduced due to the significant inhibition of compressive strain on the group velocity. These
indicate that the anisotropy of thermal conductivity of NiNb,Og can be enhanced by the compressive strain, and reduced

by the tensile strain.
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1. Introduction

Lithium-ion batteries (LIBs) are widely applied in elec-
trical vehicles and energy storage devices!!! because of their
high voltage, high specific energy density, long cycle life, and
wide working temperature range.!”) Meanwhile, the develop-
ment of next-generation LIBs requires better performance in
energy density, rapid recharge capability, safety, etc.!3 There-
fore, numerous methods have been taken to improve the per-
formance of pre-existing materials/*~7 or search for new high-
performance materials during the past few years.!3] Recently,
Xia et al." reported that the nickel niobate (NiNb,Og), with

~1 at low current densities, as

a capacity of about 244 mAh/g
cathode material for high-rate LIBs for the first time. The min-
imal volume change during lithiation gives rise to 81% capac-
ity retention after 20000 cycles at 100 C. Besides, NiNb,Og
enables fast charging by virtue of a high diffusion coefficient
of 10712 cm?:s~! at 300 K.

Currently, researches on electrode materials mainly fo-
cus on increasing energy density, cycle efficiency, recharge
capacity, safety, erc.[''"!4l Myriad Joule heat generated by
the current during the charging and discharging process. If

the inherent heat transfer properties of LIBs are weak and
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the thermal dissipation efficiency is low, the cycle perfor-
mance and the safety of the battery will be affected severely,
even leading to thermal runaway of the battery.!'>! In addi-
tion, quantity of accumulated heat leads to increasing temper-
ature, which impinges the internal electrochemical reaction
process of LIBs, resulting in sensitive performance and ser-
vice life to temperature.!'®! Despite the limited research scope
of thermal transport properties of LIBs, a few studies have
been carried out and some progress were achieved.!!’->?! In
2019, He et al.'>? used molecular dynamics (MD) simulation
to study the lattice thermal conductivity of lithium cobalt ox-
ide (LiCo0,), a common cathode material for LIBs, including
monocrystalline and polycrystalline LiCoO,. They found that
monocrystalline LiCoO; exhibits a thermal conductivity of ex-
ceeding 100 W-m~!.K~! with strong orientation dependence
at room temperature, while the thermal conductivity of poly-
crystalline LiCoOj is isotropy and lower than 10 W-m~1.K~!.
Meng et al.”*! explored the thermal conductivity of solid elec-
trolyte polyethylene oxide (PEO) at room temperature. The
results show that the thermal conductivity of crystalline PEO
(60 W-m~'- K1) is two orders of magnitude higher than that
of amorphous PEO (0.37 W-m~!-K~!) at room temperature.
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Abdullaev et al.!*! studied the nanoscale thermal transport
properties of lithiated amorphous silicon (a-Si) anode films ex-
perimentally. This study shows 40% increase in thermal con-
ductivity of a-Si upon electrochemical lithiation reaching up to
2.2 W-m~L.K~!. In 2020, Yang et al.!*®! studied the thermal
conductivity of assorted cathode materials (LiCoO,, LiMnO,,
LiNiO,) at room temperature, which is 45.9 W-m LKL,
6.0 W-m K™, and 8.9 W-m~!.K~!, respectively. Stein-
hardt et al.””’! investigated the thermal conductivity of nickel
manganese cobalt (NMC) cathode and graphite anode materi-
als with respect to battery states, such as temperature and in-
plane pressure, through experiments. According to the mea-
surement result, the thermal conductivity increases by 11.9%
when the pressure rises by 37.1 kPa, and simultaneously de-
creases by more than 1% when the temperature increases by
1 K compared to the absolute value at 20 K. In addition, Wu et
al.?82%) analyzed and discussed the heat transfer performance
and thermal stability of solid electrolyte. Jiang et al.l'®! and
Toledo Quiroz et al.3 studied the thermal management of
LIBs at high temperatures and proposed cooling methods.

In view of the excellent performance of NiNb,Og, it
is of great significance to understand the thermal transport
performance in order to achieve application, yet no corre-
In this
work, these properties are systematically studied via ma-

sponding researches have been reported hitherto.

chine learning interatomic interaction potential (MLIP)!3!-31
combined with ShengBTE package.**! Moreover, the MLTP
is developed from the training database, which is gener-
ated from the trajectory through ab initio molecular dynam-
ics (AIMD) method.!! in Vienna ab initio simulation pack-
age (VASP).[34 Additionally, the generation of strain (&) is
inexorable during the charging and discharging process of
LIBs,®! ¢.g., the nanostrain accumulated in Li- and Mn-
rich (LMR) cathode materials.!?®! Therefore, we also stud-
ied the influence of the uniaxial stress (strain range is from
€ = —4% to € = 4%) along the [001] crystal direction to ther-
mal transport properties. Moreover, the results of calculating
the phonon dispersion relation for different strains show that
the Ni;NbQg structure can remains stable under 4% tensile or
compressive strain.

2. Models and methods

NiNby;O¢ has an orthorhombic crystal structure with a
space group of Pbcn,’’! which is diagramed in Figs. 1(a) and
1(b). There are 8 Nb atoms, 4 Ni atoms, and 24 O atoms in
each primitive unit cell, both of the Ni** and Nb>* ions ex-
hibit a coordination number of 6, forming octahedrons with
surrounding O atoms. All of NiO octahedron layers are com-
posed of corner-shared NiO octahedrons, detached by two in-
tercalated NbO octahedron layers. Wherein, the unit cell vec-

tors of a, b, and c are parallel to [100], [010], and [001] crystal
orientation, respectively.
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Frequency (THz)
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Density of states
Fig. 1. (a) and (b) Schematic diagrams of primitive cell, (c) the phonon
dispersion, (d) projected density of states of NiNb,Og.
Our calculations are based on the phonon Boltzmann
transport equation (PBTE) method, which gives the lattice
thermal conductivity (k) by

af _ 1 2. a B
K = W;fo(fo-ﬂ)(h‘%) V%Vﬂf% (D

where a, B are the coordinate direction, N is the phonon
wave vector number, €2 is the volume of each primitive unit
cell, kg is the Boltzmann constant, T is the absolute temper-
ature, fy is the Bose—Einstein distribution function, 7 is the
reduced Planck constant. ®, and 7, is the phonon angular
frequency and relaxation time of vibration mode of branch A,
respectively, v is phonon group velocity of vibration mode of
branch A along o coordinate direction.

According to Eq. (1), the key step to calculate the &, of
NiNb,Og is to obtain v, and 7;. We can attain the harmonic
properties, such as phonon dispersion relation and group ve-
locity, and anharmonic properties such as phonon relaxation
time 38! via the second-order interatomic force constants (2nd
IFCs) and the third-order IFCs (3rd IFCs), which are com-
monly obtained from the first-principle calculations based on
the density functional theory (DFT)°! or MD simulation. 2!
DFT calculations are quite precise, whereas the application
scale is limited with huge cost when applied to multi-atomic
systems. In spite of extended application scale of MD simu-
lation, the accuracy of utilizing empirical potential cannot be
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guaranteed, with plentiful systems lacking appropriate empir-
ical potential. During past few years, MLIPs have provided
another promising method to calculate the 2nd IFCs and 3rd
IFCs,B31-321 which has been implemented to model the struc-

ture, investigate thermodynamic and mechanical properties of
[40-42

[43

partial materials, I the properties of grain boundaries of

polycrystalline Si,*3! the thermal conductivity of crystalline
Si and a-Si,**! NiNb,Og is a promising electrode material
lacking empirical potential, which is of importance in calculat-
ing thermal properties and mechanical properties. Hence, we
developed corresponding MLIP via machine learning method
to study the properties of NiNb,Og.

All of the first-principle calculations are implemented
with DFT via VASP, the projector authenticated wave
(PAW) pseudopotential is applied to portray the interaction
among atoms.*>) The generalized gradient approximation
(GGA) with the Perdew—Bourke—Ernzerhof (PBE) exchange—
correlation function is adopted for structure relaxation. *! The
kinetic energy cut-off of the plane-wave basis is set to 520 eV,
which is converged after testing. A Monkhorst—Pack k-mesh
of 3 x3 x 1 is employed to sample the Brillouin zones of
the primitive unit cell. The structure optimization is car-
ried out until the atom positions and lattice constants are
completely relaxed, when the forces on each atom are less
than 10~* eV-A~! and the energy of system is converged at
10 eV. The results of first-principle calculation show that the
relaxed lattice parameter of NiNb,Og is 5.075 A, 5.763 A, and
14.169 A for a, b, and ¢ unit cell vectors respectively, which
is consistent with the experimental data of 5.015 A, 5.675 A,
and 14.022 A.['01 A 3 x 3 x 3 supercell is adopted during the
AIMD simulation at 50 K, the simulation lasts for 400 fs with
the time step of 1 fs. Then the MLIP is developed from the
training database composed of the trajectory of atoms. A su-
percell of 3 x 3 x 3 is employed when the 2nd IFCs and 3rd
IFCs are calculated with the MLIP, respectively. Based on the
2nd IFCs calculated by MLIP, the phonon dispersion curve can
be obtained by the Phonopy!*’! code is depicted in Fig. 1(c),
where no imaginary frequency appears in the phonon disper-
sion curve, which illustrates the dynamic stability of NiNb;Og.
Besides, the projected density of states (DOS) indicates that
the Ni and Nb atoms contribute a lot acoustic to the phonon
branches and low-frequency optical phonon branches below
8 THz while the O atoms mainly contribute to high-frequency
optical phonons. The k;, derives from solving the PBTE it-
eratively, and a dense phonon g-grid of 12 x 12 x 6 is imple-
mented to achieve convergence.

In this paper, the stress is employed by setting the strain,
which means changing the lattice constant. Moreover, the uni-
axial stress applied along the [001] lattice direction has been
restricted, corresponding to the strain range between —4% to
4%, due to the existence of imaginary frequency, with the
lattice structure and space group remaining unchanged when
stress applied.

3. Results and discussion

We firstly study the thermal transport properties of
NiNb,Og¢ under free state, which is manifested as the de-
pendence of k, to temperature from 200 K to 800 K. In
Fig. 2(a), the tendency of &, along [100], [010], and [001]
crystal orientations (Kjjoo), Ko1o]> Kjoo1)) are given respec-
tively, from where we can see that the k, decreases in-
versely with temperature, which is due to the increasing scat-
tering intensity of phonons with elevated temperature, lead-
ing to the free path of phonons presenting a inversely pro-
portion to temperature. Also, the &, of NiNb,Og exhibits
a remarkable anisotropy at room temperature, Kjjo], Kjo10]»
and Ko are 0.947 W-m~ "K', 0.727 W-m 1.K™!, and
0.465 W-m~!.K~!, respectively. Wherein, K100 and Kjoj) are
twice and 1.5 times the value of K. To reveal the cause
of the remarkable anisotropy, the distribution of group veloc-
ity along three crystal orientation with respect to frequency
under free state is illustrated intuitionally in Fig. 2(b). The
figure indicates that the anisotropy of group velocity is re-
markable when frequency is lower than 13 THz, e.g., the
group velocity along [100] crystal orientation is obviously
larger than that along [001] crystal orientation, which inter-
prets the anisotropy of k;, appropriately. Actually, the discrep-
ancy of high-frequency group velocity is not comparable to
low-frequency group velocity because the acoustic phonons
and low-frequency phonons contributes dominantly to x;, gen-
erally.
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Fig. 2. (a) Thermal conductivity versus temperature and (b) group ve-
locity versus frequency without stress at 300 K.
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Except for the thermal transport properties of materials,
the K, of the battery is associated with a variety of factors,
e.g., Li-ion concentration, accumulative stress, crystallinity,
etc. In particular, a large amount of strain will accumulate
as the charging and discharging reaction proceeds,*8) which
has been proved of dominant influence to the thermal trans-
port performance recently. Feng et al.[*! further explored the
influence of uniaxial stress applied along the z axis on the
thermal conductivity of delithiated Lig33C00;. The results
demonstrates that 2% tensile strain can reduce the thermal
conductivity to almost zero while 2% compressive strain can
increase the in-plane thermal conductivity and through-plane
thermal conductivity by 30% and 80%, respectively. Actually,
the calculation found that NiNb,Og is a sort of material with
normal poisson’s ratio (~ 0.3), which indicates that stretch or
compress in one direction, and compression or tensile strain
will occur in other directions, as shown in Table 1. Therefore,
the strain dependence of lattice thermal conductivity in differ-
ent directions can be obtained simultaneously by stretching or
compressing along a certain direction.

Table 1. Lattice parameters along three crystal directions under various
strains.

Lattice parameters (A)

Strain (%)
[100] [010] [001]
-4 5.137 5.853 13.602
-2 5.106 5.808 13.885
0 5.075 5.763 14.169
2 5.044 5.721 14.452
4 5.015 5.680 14.735

In this work, uniaxial stress along [001] crystal direc-
tion is applied to explore the effect of stress on the thermal
transport properties of NiNb,Og, then the thermal conductivity
of NiNb,Og under different stress states at room temperature
is calculated. Multiple research results demonstrate that the
thermal conductivity of solid-state materials will increase un-
der compressive stress, 497331 whereas decrease under tensile
stress. [49-30-33.541 However, there are several researches indi-
cating different trends.?*3>7] Figure 3 displays the tendency
of K, of NiNbyOg under different strain states at room temper-
ature. It is notable that the tendency of k;, along different crys-
tal orientation varies considerably. Compared with the free

state, K{jo] and Kjgjo) increase by 12% and 16% under —4%
compressive strain state and decrease by 29% and 20% under
4% tensile strain state, respectively. Itis obvious that kj;og) and
Kjo10] decrease with the compressive strain converted to tensile
strain. Nevertheless, kjo;) presents an opposite tendency that
decreasing under both of the tensile and compressive strain,
which are reduced by 17% and 32% under 4% tensile strain
and —4% compressive strain. Meanwhile, we note that the
implementation of strain does not convert the anisotropy of
Ky, but compressive strain strengthens the anisotropy while the
tensile strain plays the opposite role. The discrepancy of re-
sponse of k;, to strain along different crystal orientations could
be elaborated by the multiple responses to strain of phonon
transport properties.
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Fig. 3. Thermal conductivity of NiNb,Og under distinct strain states at
300 K.

Furthermore, we display the normalized cumulative &,
of NiNb,Og¢ along three different crystal orientations with re-
spect to frequency under three strain states at 300 K, as de-
picted in Fig. 4, to clarify the contribution of phonons to the
K, at different frequency ranges. It can be seen that the con-
tribution to &, reaches 80% under 10 THz in most conditions,
e.g., the proportion exceeds 90% under —4% strain state, as
shown in Fig. 4(b), suggesting that the main contribution to the
K, still stems from the acoustic phonons and low-frequency
optical phonons (@ < 10 THz) under different strain states.
Therefore, the subsequent analysis is mainly concentrated on
phonon properties with frequencies below 10 THz.
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Fig. 4. Normalized accumulative thermal conductivity as a function of frequency at 300 K along (a) [100] lattice direction, (b) [010] lattice direction,
and (c) [001] lattice direction under three strain states (€ = —4%, € = 0%, € = 4%).
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In order to explore the underlying strain-influence on dif-
ferent properties of phonons, we give the phonon scattering
rate of NiNb,Og under different strain states at room temper-
ature in Fig. 5. The higher the scattering rate is, the larger the
K becomes, which is because relaxation time is the recipro-
cal of scattering rate. The results suggest that, compared with
the free state, the scattering rate slightly rises under no mat-
ter compressive or tensile strain, which stems from the weak-
ened bonding strength that enhances the anharmonicity of the
system because of strain. >3 However, the tiny change of the
scattering rate cannot convincingly interpret the remarkable
variety of &, which promotes further analysis on the effect
of group velocity on the K.

In Fig. 6, the distributions of the phonon group velocity
versus frequency along [100], [010], and [001] crystal orien-
tations are displayed, where the ranges below 5 THz with sig-
nificant changes are highlighted. As shown in Figs. 6(a) and
6(b), the group velocity along the [100] and [010] crystal di-
rections under the compressive strain increases significantly,
compared with free state, while correspondingly decreasing
under the tensile strain, which presents the similar tendency to
Kp. Nonetheless, figure 6(c) indicates that both of the phonon
group velocity along the [001] crystal direction under strain
state are lower than that under free state, which corresponds to
the tendency of x;, (reduced by 32% and 17% under —4% and
4% strain states). Herein, the phonon group velocity takes the
dominant contribution to k;, while tuning through strain.

101 g
7
n
RS
o 100L
2
®
—
Q0
s
g 10—t} =
+ F oA 4
= %’g o e =—4%
A s = e=0%
s~ e =4%
102 L L L L L L . .
o 1 2 3 4 5 6 7 8 9 10

Frequency (THz)

Fig. 5. The phonon scattering rate under three strain states at 300 K.

Additionally, given that electrodes in realistic LIBs are
usually made of polycrystalline, whose thermal conductivity
ought to be different from that of monocrystalline. Moreover,
based on some empirical formulas,®! the thermal conduc-
tivity of polycrystalline NiNb,Og can be calculated from the
intrinsic thermal conductivity of monocrystalline NiNb;Og.
Therefore, the monocrystalline thermal conductivity in this
work could provide information for researches on polycrys-
talline thermal conductivity which could be obtained by the
empirical equation.

Group velocity (K-m/s)

Group velocity (K-m/s)

Group velocity (K-m/s)

3 4 5 6 7 8 9 10
Frequency (THz)

Fig. 6. Group velocity along (a) [100] lattice direction, (b) [010] lattice
direction, and (c) [001] lattice direction under three strain states at 300 K.

4. Conclusions

Using the MLIP combined with Boltzmann trans-
port equation, the lattice thermal conductivity of NiNbyOg
The K, of
NiNb,Og exhibits a remarkable anisotropy (K100}, Ko10],
and Kpoy is 0.947 W-m 1K', 0.727 W-m~ "K', and
0.465 W-m~1.K~!, respectively), which is attributed to the
anisotropy of the phonon group velocity. Additionally, the ef-

and the effect of strain were investigated.

fect of strain on k;, presents great discrepancy, e.g., —4% com-
pressive strain could improve the kjjoo] and Kjo10) by around
12% and 16% while 4% tensile strain reduces the kjjoo] and
Kio1o] by around 29% and 30%, respectively. However, the
existence of strain is disadvantageous to the thermal trans-
port along [001] crystal direction, no matter compression
or tension, where —4% compressive strain and 4% tensile
strain reduce the Kjoo by around 32% and 17%, respectively.
Furthermore, the implementation of compressive strain will
strengthen the anisotropy with the tensile strain exhibiting the
opposite phenomenon. By analyzing the tendency of phonon
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properties with respect to strain, the regulation of strain on

is ascribed to the effect on phonon group velocity, which may

deepen the understanding of the thermal transport properties

of NiNb,Og as anode material for LIBs and reveal the under-

lying mechanism of strain tuning thermal transport.
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