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Abstract

While the transport of ions and electrons in conventional Li-ion battery cathode
materials is well understood, our knowledge of the phonon (heat) transport is still in its
infancy. We present a first-principles theoretical investigation of the chemical trends
in the phonon frequency dispersion, mode lifetimes, and thermal conductivity in the
series of layered lithium transition-metal oxides Li(NizMn,Co,)O2 (z+y+2z = 1). The
oxidation and spin states of the transition metal cations are found to strongly influence
the structural dynamics. Calculations of the thermal conductivity show that LiCoO4
has highest average conductivity of 45.9Wm™ 1K= at T = 300 K and the largest
anisotropy, followed by LiMnO, with 8.9 Wm~! K—!, and LiNiO, with 6.0 Wm~! K.
The much lower thermal conductivity of LiMnO, and LiNiO, is found to be due to
1-2 orders of magnitude shorter phonon lifetimes. We further model the properties
of binary and ternary transition metal combinations to examine the possible effects of
mixing on the thermal transport. These results serve as a guide to ongoing work on the

design of multi-component battery electrodes with more effective thermal management.

Introduction

The lithium nickel-manganese-cobalt oxide (NMC) alloys Li(Ni,Mn,Co,)Os (x +y+2 =1
and z, y, and z are molar fractions) are among the most widely used cathode materials in
Li-ion batteries (LIBs).%? NMC alloys are formed by partially replacing the transition metal
in the LiCoO, with Ni and/or Mn, which preserves the favourable voltage characteristics but
provides a higher capacity of up to 200mA hg~!, while also addressing cost and abundance
issues.?* The alloying also helps to enhance the discharge capacity®® and to provide better
cycle life and thermal stability,”® together with improved rate capability.®

Optimizing NMC compositions has focused mainly on the specific energy, power, and
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cycle life, as well as the ionic and electronic transport,!! with relatively little attention

t.12

devoted to thermal managemen However, the thermal conductivity of battery electrodes



is an important factor in capacity fade, power fade, thermal runaway, shelf discharge, and
other performance and safety issues that are critical considerations for high-performance
LIBs.!? The thermal conductivities of battery components are also important parameters in
modelling studies aiming to optimise battery design, for example, by improving surface and
tab cooling. 314

There is a relatively small body of literature on thermal transport in NMC electrode
materials, with reported values ranging from 0.14 — 40 Wm~! K=1.151® There has not yet
however been a systematic study of the NMC system, nor of the expected anisotropy in the
thermal transport of the layered materials used in LIB electrodes.!® This is due mainly to
the difficulties inherent in preparing high-quality samples for experimental measurements
and to the complexity of modelling heat transport using first-principles calculations.®!® In
a recent theoretical study, we used the single-mode relaxation-time approximation to study
the heat transport in pristine LiCoO,.' Our results showed good agreement with available
experimental data and highlighted substantial differences between the in-plane and cross-
plane thermal transport, which has important implications for thermal management in LIBs.

In this work, we report a systematic exploration of the thermal transport in the LiNiO,,
LiMnO, and LiCoO, endpoints of the NMC system, and we further investigate solid so-
lutions by considering the enhancement of phonon scattering due to mass variation at the
transition metal sites. Our results show that the three LIMO, (M = Co, Ni, Mn) endpoints
have fundamentally different vibrational and thermal properties, and that optimizing the
ratio of the transition metals in the NMC alloys allows the the thermal conductivity to be

systematically tuned. This work thus provides important direction and reference data for

the design of future electrode materials for safer, higher-performance batteries.
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Figure 1: Crystal structures of the LIMO, (M = Ni, Co, Mn) endpoints in the NMC oxide
system. LiNiO, and LiMnO, adopt an O3-type layered structure, which is shown along
the (100) direction in the hexagonal setting. LiMnO, adopts an O’3-type layered structure,
which allows for stronger octahedral distortions, and is shown along the (100) direction in
the primitive unit cell. The Li and O ions are shown as green and red spheres, respectively,
and the MOy octahedra are shown as shaded polyhedra. The images were generated using
VESTA. 20



Methods

First-principles electronic-structure calculations

The starting points for our calculations were the experimentally-determined structures of
LiCo0,,?" LiNiO,,?* and LiMnO,?® shown in Figure 1. We use the same methodology as in
our previous study on LiCoO,, for which the computational details can be found in Ref.!?
Calculations were performed using the plane-wave pesudopotential density-functional the-
ory (DFT) formalism as implemented in VASP.?*?* The HSE06 hybrid functional®® was used
alongside the Tkatchenko-Scheffler dispersion correction?” with iterative Hirshfeld partition-
ing?® and PBEO damping (S, = 1.287) for both geometry optimization and single-point
calculations to obtain the second- and third-order interatomic force constants (IFCs). I'-
centered Monkhorst-Pack k-point meshes with 6 x 6 x 6 subdivisions were used for LiNiO,
and LiCoO,, while a 9 X 8 x 5 mesh was used for LiMnO, due to its anisotropic unit cell.?
The energy cutoff for the plane-wave basis set was set to 600 eV, and projector augmented-
wave pseudopotentials®® were used to model the ion cores with the following valence electron
configurations: Li — 1s22s', Mn — 3p%4s23d®, Co — 4s23d", Ni — 4s23d®, and O — 2s?2p*. For
Co and Ni, the pesudopotentials include the 4s and 3d electrons, while the Mn potential
also includes the semi-core 3p electrons; this is due these states being higher in energy in
the earlier transition metals and thus closer to the valence states. All calculations were spin-
polarised with low-spin Co(III) (d®, S = 0), high-spin Mn(III) (d*, S = 2), and low-spin
Ni(III) (d7, S = 1/2).

Lattice-dynamics calculations

Harmonic lattice-dynamics calculations were set-up and post-processed using Phonopy.3!
The thermal conductivity (k) was obtained by computing the third-order IFCs and solving
the phonon Boltzmann transport equations within the single-mode relaxation-time approxi-

mation using Phono3py.>? As described below, the reported structures of LiCoO, and LiNiO,



were found to be dynamically stable with no imaginary branches in the harmonic phonon
dispersion, while the dispersion of LiMnO,, displayed a prominent imaginary mode at the
anm = (0, %, %) wavevector. This necessitated a 1 x 2 x 2 supercell expansion to represent the
distorted energy minimum. For LiCoO, and LiNiO, the second- and third-order IFCs were
computed in 3 X 3 X 3 and 2 x 2 X 2 supercells, respectively, containing 108 and 32 atoms.
For the expanded LiMnO, structure obtained after removing the soft mode, the second- and
third-order IFCs were computed in 4 x 2 x 1 and 3 x 1 x 1 supercells, respectively, containing
128 and 48 atoms. The second-order IFCs were computed using a finite-displacement step
size of 1072 A, and the third-order IFCs were calculated with step sizes of 3 x 1072 A for
LiCoO, and LiMnO, and 2 x 1072 A for LiNiO,. The smaller step size for LiNiO, was
found to be necessary to reduce the numerical noise in the third-order IFCs (see Supporting
Information). During the thermal-conductivity calculations, the additional phonon scatter-

ing introduced by mass variation at the atomic sites was modeled by including an additional

isotope-scattering term in the calculation of the phonon linewidths, as outlined in Ref.33

Results and discussion

Crystal structures

The layered crystal structures of the LiMO,, family are illustrated in Figure 1 and the opti-
mised structural parameters are listed in Table 1. Following geometry optimisation, LiCoO,
retains rhombohedral symmetry with space group R3m. For LiNiO, and LiMnO,, substan-
tial Jahn-Teller (JT) distortions emerge during the crystal structure optimisation, which are
more pronounced in the latter. Similar observations were made by Du et al.?*

To compare the coordination environments we employ the distortion index of Baur?®® to

describe the distribution of oxide ions around the transition metal centres with bond lengths
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The analysis yields a value of zero for LCO, 0.04 for LNO, and 0.09 for LMO. For low-spin
octahedral Co(III) (d°), the three t, orbitals are fully occupied and there is no driving force
for a JT distortion. Octahedral Mn(IIT) (d*) and Ni(IIT) (d") possess partially-occupied ta,

and e, orbitals, respectively, and therefore JT distortions to lift the degeneracy are expected.

Table 1: Optimized crystal structure parameters for LiCoO,, LiNiO, and LiMnO,
(DFT/HSEO06). Values are shown for the primitive unit cells. Two entries are given for
LiMnO, - the § phase refers to the lower-symmetry structure obtained after condensing the
soft phonon mode.

a b c a I6] v d(M-0) A JT® spacegroup

LiCoO, 4012 4.912 4.912 32934 32.984 32.984 1.90 000  R3m
LiNiO,  4.899 5004 5001 33.751 32925 32.935 1.84,1.92, 208 004 C2/m
LiMnO,  3.049 3.040 5320 113.09 113.09 54.66  1.91,230  0.09  C2/m
LiMnO, (6) 5.320 2.799 5417 90.000 116.20 90.000 1.91,1.92,2.31 0.09 P2 /c

¢Jahn-Teller distortion index as defined in Equation 1.

Harmonic phonons

The harmonic phonon dispersion for each of the three endmembers is shown in Figure 2. The
four atoms in the primitive unit cells result in 3N = 12 phonon modes in all three systems.
LiCoO, and LiNiO, have similar phonon dispersion, and the real frequencies across the
vibrational Brillouin zone confirm both to be dynamically stable structures.

The atom-projected partial density of states (PDOS) are shown to the right of the dis-
persion in Figure 2. Across the three structures the medium and low frequency modes are
mainly due to motion of Li and the transition-metals, while the high frequency modes above
14 THz are vibrations involving the transition metal and O atoms. The lower vibrational
frequencies of the latter modes in LiNiO, and LiMnO, are due to the weaker bonding in-

teraction between the metals and the oxygen atoms with the partially-elongated Mn-O and



Ni-O bonds due to the JT distortions.
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Figure 2: Harmonic phonon dispersion and atom-projected density of states (PDOS) of
LiCoO,, LiNiO, and LiMnO,.

One of the three acoustic modes softens on going from LCO to LNO, and becomes imag-
inary at the M wavevector in LMO (qp = (0, %, 3)). The presence of imaginary harmonic
modes indicates a dynamical instability, i.e. that the LMO structure is a local energy maxi-
mum on the structural potential-energy surface. The M wavevector indicates that a 1 x2 x 2
supercell expansion of the LiMnO, primitive cell, i.e. a fourfold increase in volume from 4
to 16 atoms, is required to accommodate a full distortion period. We therefore generated a
supercell and displaced the atoms along the imaginary mode to locate the minimum before
performing a final geometry optimisation. The transformation leads to a strong JT distor-
tion of the MnOy octahedra, which results in three distinct bond lengths (Figure 3a), lowers
the symmetry from C2/m to P2;/c, and lowers the energy by 1.7 meV per formula unit.

As shown in Figure 3b, the structure has a more complex dispersion, with 48 bands at each

wavevector, but no imaginary modes, indicating it to be an energy minimum.

Lattice thermal conductivity

Each phonon mode A makes a contribution ) to the macroscopic lattice thermal conductivity
k. ky are the product of the modal heat capacities Cy, group velocities vy, and phonon mean

free paths vy x 7, where 7, are the phonon lifetimes. The macroscopic x is obtained by
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Figure 3: (a) Distortion of the MnO4 octahedra in the optimised LiMnO, structure (bond

lengths in A). (b) Phonon dispersion of the expanded LiMnO, structure obtained after mode
following and geometry optimisation to condense the imaginary mode.

summing over all the modes on a grid of wavevectors ¢ sampling the phonon Brillouin zone

and normalising for the cell volume V' and the number of wavevectors N included in the

summation.
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Figure 4: Thermal conductivity x as a function of temperature for (left) LiCoO,, (centre)

xx, yy and zz directions.

LiNiO, and (right) LiMnO,. Each plot shows the conductivity separately along the principal

The thermal conductivity of the three oxides are plotted in Figure 4. These values likely



represent an upper limit, as they only account for three-phonon scattering processes and
do not include additional scattering from higher-order scattering processes, natural isotope
effects, defects, grain boundaries, etc. that generally reduce the heat conduction.!®!8

We note that force-constant symmetrisation was found to have a large effect on the
calculated thermal conductivities. Both the second- and third-order IFCs are computed
using finite differences, which unavoidably results in a small amount of numerical noise.
This is particularly true for the third-order IFCs, which are double derivatives of the forces
with respect to atomic displacements. Symmetrisation ensures that the phonon frequencies
obey the acoustic-sum rule, and that the second- and third-order IFCs are consistent with
the underlying crystal symmetry, and is typically a default option in first-principles lattice-
dynamics codes. Symmetrisation increases the average thermal conductivity K.we = %(/{m +
Kyy + K22) at 300 K by 25 % and 20 % for LiCoO, and LiMnO,, respectively, while it
increases k.. by nearly a factor of three for LiNiO, The averaged value of 47.8 Wm~! K~!
obtained for LiCoO, is thus higher than our previously-calculated value of 38.5 Wm™! K1,
where we did not impose symmetry on the calculated IFCs. We also carefully checked the
convergence of the calculated thermal conductivity with respect to the lifetime-sampling
mesh and interaction range (supercell size) used to compute the third-order IFCs, and in
particular noted that 3rd-order interactions in LiNiO, appear to extend beyond the first
coordination shell (containing the six nearest neighbours). Detailed discussion can be found
in the Supporting Information.

The thermal conductivity decays exponentially with increasing temperature, due to the
larger thermal population of phonon modes, leading to enhanced phonon scattering. Table 2
lists the room-temperature (300 K) thermal conductivity along each crystallographic direc-
tion together with the isotropic average, with and without scattering due to natural isotopic
mass variation. The thermal conductivity of LiCoO, is 66.0 Wm™' K~! in the hexagonal ab

plane and > 80 % smaller along the out-of-plane ¢ direction. The averaged thermal conduc-

tivity of LiMnO, (9Wm™' K1) is ~20 % of that in LiCoO, and is much less anisotropic.

10



LiNiO, has the lowest average thermal conductivity of 6.2 W m™! K™, which is almost 8
x smaller than LiCoO,. The JT distortions in the LiMnO, and LiNiO, structures result
in different easy/hard axes for transport in these systems compared to LiCoO,. Including
isotope effects reduces the average thermal conductivities by 1-4 % and has the largest effect
on LiCoO,.

We also calculated the thermal conductivity at a smaller set of temperatures by direct
solution of the full linearized Boltzmann transport equation (LBTE). This method improves
upon the single-mode relaxation-time approximation (RTA) by taking into account heat
transport through collective phonon modes, but incurs a substantial additional overhead due
to the need to form and diagonalize a large collision matrix at each calculation temperature.
We find that the LBTE method predicts 16, 20 and 6 % increases in the 300 K K, of
LiCoQO,, LiNiO, and LiMnO,, respectively, indicating that collective phonons may play a
significant role in the thermal transport in these materials.

Feng et al. predicted the thermal conductivity of LiCoO, to be as low as 9.7 and 1.4
Wm~tK~! for in-plane and across-plane transport, respectively.?® Their calculations were
performed using the local-density approximation and include four-phonon scattering. Given
the significantly higher cost of solid-state calculations with hybrid functionals over those
with (semi-)local functionals such as LDA| it would be impractical to consider fourth-order
interactions in the present study. In our previous work, we found that the LDA provided
a good description of the phonon frequencies in LiCoO,.!® However, the LDA is generally
insufficient for materials with strongly-correlated valence d electrons, and hybrid functionals
such as HSE(QG are in particular expected to be more robust in describing systems such as
LiNiO, where unpaired electrons lead to Jahn-Teller distortions. Moreover, while fourth-
order scattering may be required for LiCoQO,, the lower thermal conductivity of LiNiO, and
LiMnO, mean that higher-order terms are unlikely to have as large a quantitative impact.

The frequency dependence of the modal group velocities, lifetimes and mean-free paths

in the three LiMO, structures are compared in Figure 5. The group velocities of the modes

11



Table 2: Room-temperature (300 K) lattice thermal conductivities of LiCoO,, LiNiO, and
LiMnO,, calculated with (Iso.) and without (No Iso.) scattering due to natural variation in
atomic masses. Values are given in Wm™1 K~!,

LiCoO, LiNiO, LiMnO,
No Iso. Iso. NolIso. Iso. NoIso. Iso.
rT 66.0  63.3 3.3 3.2 16.7 16.5
Yy 66.0  63.3 9.4 9.2 4.6 4.5
2z 11.5 11.1 5.8 5.7 5.7 5.6
Ave. 47.8  45.9 6.2 6.0 9.0 8.9

that make the largest contributions to the thermal transport are on the same order of magni-
tude for all three oxides, ranging from 10? to 10* ms™!, but the lifetimes display substantial
variation, which results in LiNiO, and LiMnO, having 1-2 orders of magnitude shorter life-
times and mean-free paths than LiCoO,. The shorter lifetimes are evident across the entire
frequency spectrum, indicating generally stronger phonon scattering in LiNiO, and LiMnO,.
By comparing the cumulative lattice thermal conductivity as a function of frequency at 300
K to the phonon DoS, we find that in all three compounds the low-frequency acoustic modes
with large group velocity generally make the largest modal contributions to the heat trans-
port (see Supporting Information). The suppressed lifetimes of these modes in LiNiO, and
LiMnO, is therefore likely to be the biggest factor in the reduced thermal conductivity com-
pared to LiCoQO,. The shorter lifetimes may be linked to the structural distortions, which
would spread out the phonon frequencies and allow for a higher density of energy-conserving
scattering events, thereby enhancing the phonon-phonon scattering and decreasing the life-
times. The larger distortion in LiMnO, may be partially counteracted by the lighter mass
of Mn, resulting in a slightly higher thermal conductivity than LiNiO, but a much lower one
than the undistorted LiCoO,.

The longer mean-free paths in LiCoO, may be suppressed in real electrode materials
by boundary scattering due to small particle sizes. As shown in Figure 6, our calculations
predict the averaged thermal conductivity to fall sharply as the grain size is reduced below

~ 1 pm, from 45.6 Wm 1 K~! to 34.1, 12.7 and 2.29 Wm ™! K~! when the mean-free paths
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Figure 5: Breakdown of the thermal conductivity of (a-c) LiCoO, (left column), (d-f) LiNiO,
(central column) and (g-i) LiMnO, (right column) at 7' = 300K. The top row (a, d, g) shows
the spectrum of group velocities |v,[, the middle row (b, e, h) shows the modal lifetimes 7y,
and the bottom row shows the mean-free paths |A,| (¢, f, i). The heat maps are colour coded

by the average modal contributions to the thermal conductivity x, along the three principal
directions, from red (small k) to yellow (large k).
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are limited to 100, 10 and 1 nm, respectively. At the smaller sizes, we obtain results compa-
rable to experimental measurements on LiCoO,. The experimental thermal conductivities
of polycrystalline LiCoO, was reported to be as low as 1.6-3.7 Wm ™t K1, 1837 which are
reproduced with a limit of 1-2 nm in this work.

The shorter mean-free paths in LiNiO, and LiMnO, mean that the x of these materials
is suppressed less at smaller grain sizes, but nonetheless we observe a reduction from 5.94
and 8.09 Wm~'K~! at 100 nm to 4.65/5.26 Wm ' K~! at 10 nm and 1.73/1.71 Wm ™' K™!
at 1 nm. The implication of this result is that the thermal performance of LiMO, electrode

materials may be highly sensitive to the preparation and processing, particularly for Co-rich

compositions.

50 .. A000A A LICOOZ 7]
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Figure 6: Effect of grain size on the average 300 K thermal conductivity k... = %(Fam + Kyy +
k.») of LiCoO, (blue triangles), LiNiO, (red circles) and LiMnO, (orange squares).

Transport in the NMC alloy

We consider two possibilities to describe the formation of NMC alloys: (1) a physical mixture
of the three pure ternary oxides; and (2) a physical mixture of the crystal structures with

proportional mixing at the transition metal sites.
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In Case (1), the thermal conductivity of Li(Ni,Mn,Co,)Os (z +y + 2z = 1) is simply a

linear combination of the three end members, i.e.:
KINMC| = = X kLno + ¥ X KLmo + 2 X KLco (3)

where z, y, and z are molar fractions. kN0, KLmo and kpco are the thermal conductivities
of LiNiO,, LiMnO, and LiCoO,, respectively. In the absence of experimental data to the
contrary, a physical mixture of the pure endpoints is a reasonable possibility.

For Case (2), we make the assumption that the leading effects of the transition metal site
disorder on the heat transport are due to the change in average mass and mass variance. A
series of further thermal-conductivity calculations was performed on the three structures in
which the average mass m,.. and mass variance my,, at the transition metal site was set to
one of 66 compositions Ni, Mn Co, uniformly spaced on the ternary compositional diagram.

The maye and my,, for each composition was calculated as:

Maye = Z a; X m; (4)

i

e = 3 (1= ) (5)
where a; and m; are the fractions and masses of the three metals, i.e. a; = x,y,2 and
m; = Mni, Mnm, Mco- Lernary diagrams showing the modified thermal conductivity &(x, y, z)
for each of the three structures as a function of composition are shown in the Supporting

Information.

The thermal conductivity of the mixture is then calculated as:
RINMC] = z X RKrno(r, v, 2) + ¥ X Ruvmo(x, vy, 2) + 2 X Freo(z, 4, 2) (6)

This model is a variation on the mean-field approximation, which is a common method used

15



to model alloys. The change in the average mass at the transition metal site affects the
phonon frequency spectrum and hence the heat capacities C'y and group velocities v,. The
change in frequencies plus the change in average mass and mass variance also change the
phonon scattering and hence the distribution of lifetimes 7,. This model does not however
account for changes in the interatomic force constants due to the metal substitution, which,
given the distinct JT distortions observed with Co, Ni and Mn, is likely to be a significant
approximation.3® However, to fully account for this would require a significant computational
investment with a series of calculations on representative mixed-metal alloy structures, e.g.
using the special quasi-random structure (SQS) method,?>° or by enumerating a full set
of inequivalent structures in a representative supercell expansion.*! We also note that, due
to the substantial overhead of solving the full LBTE, the alloy calculations were performed
using the RTA.

As shown in Table 2, the natural isotope effect reduces the average thermal conductivity
of LiCoO,, LiNiO, and LiMnO, by 4.3, 3.2 and 1.3 % at 300 K respectively. Calculations on
LiCoO, with the mass of the transition metal varied between those of Co and Mn is predicted
to have a non-linear impact on the room-temperature x, with a substantial reduction from
45.9 to 39.3 Wm ' K~! at 50 % Mn content and an increase in x to 47.8 Wm ™' K~! at
100 % Mn content (Figure S4). Changing the mass from Co to Ni, on the other hand,
leads to approximately linear variation in x, which decreases from 45.9 Wm= K=t at 100
% Co content to 42.7 Wm~'K~! at 100 % Ni content. While purely hypothetical, these
examples show the two primary effects of varying the cation mass within a fixed structure
type: reducing the average mass tends to increase k, while larger mass variance tends to
suppress heat transport. For this reason, within this model, mixing Mn and Co has a much
larger impact on x than mixing Co and Ni. These same effects are seen in the LiNiO, and
LiMnO, structures, although they are less prominent due to the smaller x of these structures
(see Supporting Information). Nonetheless, mixing at the metal site is predicted to have a

generally larger impact on x than the natural isotope effect, even when assuming the leading

16



effect is simply the change in average mass and mass variance.

Table 3: Predicted thermal conductivity x of three commercial NMC compositions at room
temperature (300K) based on a physical mixture and a physical mixture with proportional
mixing at the metal (M) site. Values are given in Wm™! K~! and the % difference A between
the two values is given in the fourth column.

z:y: zin Li(Ni;Mn,Co,)Oy Physical mixture M-site Mixing A [%)]

111 20.2 17.9 -13.0
622 14.5 13.3 -9.4
811 10.3 9.7 -5.6

The predicted variation of x for the NMC system is shown in Figure 7a assuming a
physical mixture of the components, while Figure 7b shows the predicted reduction in & if
proportional mixing at the transition metal site is assumed to take place. Given the much
higher thermal conductivity of LiCoO,, both analyses predict the Co-rich compositions to
have larger x. Although LiMnO, is predicted to have a slightly higher x than LiNiO,, the
proportional mixing model in Figure 7b suggests that mixing LiMnO, into Co-rich compo-
sitions will produce a larger suppression of £ due to the larger mass contrast.

We also consider three common commercial NMC compositions, viz. 811, 622 and 111,
where the three numbers describe the ratios of Ni, Mn and Co (Table 3). Of these commer-
cial compositions, NMC 811 has the lowest predicted thermal conductivity of 10.3 and 9.3
Wm~ ! K~! based on the two models, while NMC 622 and NMC 111 are higher at 14.5/13.3
and 20.2/17.9 Wm~! K=, respectively, due to the larger Co content. The suppression of &
due to proportional mixing at the metal site also increases in the order NMC 811 < NMC
622 < NMC 111, rising from 5.6 % in the former to 13 % in the latter.

Based on our modelling, we therefore conclude that site mixing in the alloys would have
significant implications for heat transport. We note again that our models neglect micro-
scopic effects due to mixing, which could further enhance the anharmonicity and lead to a
further suppression of thermal conductivity. Ultimately, the question of whether these ad-
ditional effects are important will most likely be determined by experimental measurements

on the NMC system. The next challenge would be to describe interfacial thermal processes,
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Figure 7: Ternary map of the thermal conductivity map x of the NMC system. (a) is
generated assuming a physical mixture of the pure components (Eqn. 3), while (b) shows
the change in x if proportional mixing at the transition metal site induces changes in the
average mass and mass variation at the cation site (Eqn. 6).
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in particular at the electrode/electrolyte junctions. 244

Conclusion

In summary, we have carried out a detailed computational study of three lithium transition-
metal oxides LiCoO,, LiNiO, and LiMnO, and the commercial NMC alloy system. We
elucidated how the different structural distortions impact the lattice dynamics and heat
transport.

The three oxides show the same general structure type, but with Jahn-Teller distortions
of the MOg octahedra depending on the transition metal oxidation states.?3* A strong prefer-
ence for JT distortions in LiMnO, manifests itself as an imaginary harmonic mode at the M
wavevector in the harmonic phonon dispersion calculated for the crystal structure obtained
with XRD. Anharmonic phonon calculations show that while all three oxides have simi-
lar phonon group velocities, the distorted LiNiO, and LiMnO, structures have significantly
shorter phonon lifetimes, which results in shorter mean-free paths and reduced thermal con-
ductivity x. We predict room-temperature values of 47.8, 8.9 and 6.2 Wm~! K~! excluding
isotope effects, which are likely to be upper limits, and are predicted to reduce significantly
for small grain sizes.

We have also modelled the variation of the room-temperature thermal conductivity in
the ternary NMC system based on a physical mixture of pure components and a physical
mixture with proprtional mixing at the transition metal sites. The NMC 811, NMC 622 and
NMC 111 compositions used in commercial electrodes have much smaller x than LiCoO,, due
to the reduced Co content, and potential mass disorder due to mixing at the transition metal
site is predicted to lead to significant further suppression of the heat transport. The thermal
conductivity of the electrode materials is an important factor in the thermal management
of batteries, and our results show that although the Ni/Mn-rich electrodes yield improved

capacity and power performance this may need to be balanced against the effect on heat

19



transport. The insight from our first-principles studies should help in understanding the
essential physical properties of the LiMO, systems. It will provide valuable information
to guide experimental measurements and aid the design of future batteries with improved
thermal management. Extensions of this work should consider the role of delithiation —
following recent simulations that showed changes of up to 50-70%3¢ — and dopants as

additional avenues to influence the thermal transport in the NMC family.
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