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Thermal Transport in Monocrystalline and Polycrystalline Lithium 
Cobalt Oxide 
Jinlong He, a Lin Zhang b and Ling Liu *a

Efficient heat dissipation in batteries is important for the thermal management against thermal runway and chemical 
instability at elevated temperatures. Nevertheless, thermal transport processes in battery materials have not been well 
understood especially considering their complicated microstructures. In this study, lattice thermal transport in lithium cobalt 
oxide (LiCoO2), a popular cathode material for lithium ion batteries, is investigated via molecular dynamics-based approaches 
and thermal resistance models. The LiCoO2 single-crystal is shown to have thermal conductivities in the order of 100 W m-1 
K-1 with strong anisotropy, temperature dependence, and size effects. By comparison, the polycrystalline LiCoO2 is more 
isotropic with much lower thermal conductivities. The difference is caused by random grain orientations, thermal resistance 
of grain boundaries, and size-dependent intra-grain thermal conductivities that are unique to polycrystals. The grain 
boundary thermal conductance is calculated to be in the range of 7.16 - 25.21 GW m-2 K-1. The size effects of intra-grain 
thermal conductivities are described by two empirical equations. Considering all of these effects, two thermal resistance 
models are formed to predict the thermal conductivity of polycrystalline LiCoO2. The two models predict consistent thermal 
conductivity–grain size relationship that agrees well with molecular dynamics simulation results. The insights revealed by 
this study may facilitate future efforts of battery materials design for improved thermal management.

INTRODUCTION
The Li-ion battery has been widely used in electronic devices, electric 
vehicles and many other consumer products and engineering systems 
for energy storage.1 Among the four essential components of Li-ion 
batteries (i.e. cathode, anode, separator and electrolyte), the cathode 
plays a key role in determining the capacity and voltage of batteries, 
for which lithium cobalt oxide (LiCoO2) has been a popular choice. 
Despite the many advantages including excellent energy density, 
power density, stability and the long cycle life,2 LiCoO2 has a 
drawback of relatively low thermal conductivities, which may 
potentially cause inefficient heat dissipation leading to thermal 
runaway and chemical instability at elevated temperatures. Hence, it 
is of great importance to study thermal transport mechanisms in 
LiCoO2 to gain more physical insights and to guide materials design 
for improved thermal properties. 

Despite the importance, thermal transport processes in LiCoO2 
and other electrode materials are relatively underexplored except a 
few recent studies.3,4 Many electrode materials share a common 
characteristic in that they have polycrystalline microstructures. 
LiCoO2 in Li-ion batteries, for example, consist of grains with the size 
of 10-100 nm according to some experimental work.5,6 The repetitive 
grain boundaries are thermal transport barriers as they scatter energy 
carriers and adversely affect the thermal conductivity. The grain 
boundary scattering, together with the randomly oriented grains and 
the size effect associated with intra-grain thermal conductivities, 
makes thermal transport processes in polycrystalline materials 

fundamentally different from that in their monocrystalline 
counterparts. As such, heat transfer in polycrystalline materials has 
attracted much attention with applications to silicon,7-9 diamond,9 
argon,10 graphene11 and metallic films;12 and grain design has been an 
effective approach for tuning thermal properties of materials.13 
Several models14-17 have been developed to quantify and predict 
thermal conduction in polycrystals considering the effects of grain 
boundaries and grain sizes. These models allow accurate extrapolative 
predictions of thermal conductivities for polycrystals of larger grains 
based on the data of nanocrystalline solids. The scale-bridging models 
enable the use of molecular dynamics in such studies despite its length 
scale limitations. 

Using two molecular dynamics-based computational techniques 
and thermal resistance models, this work systematically investigates 
nanoscale thermal transport processes in LiCoO2 considering its 
monocrystal and polycrystal forms (insets of Figure 1a, b). The study 
of monocrystalline LiCoO2 reveals the anisotropy and temperature 
dependence of its thermal conductivities with a discussion on the 
intrinsic size effects. The study of polycrystalline LiCoO2 quantifies 
how grain size impacts on the thermal conductivity in the 
nanocrystalline regime. The grain boundary as an important structural 
component of polycrystalline LiCoO2 is also studied to understand its 
thermal resistance for different grain orientations. All these results are 
integrated in two thermal resistance models for verification. 
Calibrated against molecular dynamics simulation results, both 
models provide consistent quantitative predictions of the thermal 
conductivity of polycrystalline LiCoO2 in the full range of grain size 
variance.
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MODELS AND METHODS
3D Voronoi Tessellation. Polycrystalline LiCoO2 models were 
constructed by using the 3D Voronoi tessellation method,18,19 which 
has been widely used for polycrystal modeling. Given a unit cell size 
for the polycrystal and a target number of grains in the unit cell, grains 
were randomly generated using the LiCoO2 crystal structure as the 
structural seed. For instance, to obtain the polycrystalline LiCoO2 
structure with an average grain size of about 3 nm, a simulation box 
of 5.91 × 5.85 × 5.62 nm3 was first divided into 8 equal cuboids and a 
Voronoi point was randomly generated within each of these cuboids. 
Then, grains boundaries were formed as planes normal to the lines 
linking neighboring Voronoi points. The polyhedrons bounded by 
these planar grain boundaries were considered as grains of the 
polycrystalline material. Each grain was then filled by the LiCoO2 
single-crystal structure at random orientations. The polycrystalline 
model was made fully periodical to make lattice orientation and 
structure both continuous across all boundaries of the simulation box. 
Local atomic structures at grain boundaries were further fine-tuned to 
fix atoms that were too close to each other (with a distance < 0.1 nm) 
and also to keep charges neutral.10 The LiCoO2 model formed through 
these steps can be found in the inset of Figure 1b.

Molecular Dynamics (MD). The LiCoO2 ionic crystal was modelled 
by interatomic interaction along with a core-shell model to obtain 
reasonable dielectric constants.20,21 The interatomic interaction energy 
for LiCoO2 considers three terms to account for the repulsive, 
attractive and long-range Coulomb’s forces: 

(1)  6exp ij ij i j
ij ij ij

ij ij ij

r C Q Q
U r A

r r
 

     
 

Here, rij is the distance between two interacting atoms, Qi and Qj are 
charges on these atoms, and Aij, ρij and Cij are parameters of the 
potential model. The interatomic interaction is complemented by a 
dipolar core-shell model applied on all cobalt and oxygen ions. Each 
of these ions is described by a massless shell with a fractional charge 
Y and an atomic core with the rest of charge Q-Y. The core and shell 
are linked by a spring with the spring constant of kcs. The contribution 
of each core-shell pair to the total energy is described by:

(2)21( )
2cs i cs iE s k s

where si denotes the core-shell distance for atom i. For atoms 
represented by the core-shell model, the repulsive and attractive terms 
of Eq. (1) only act on the shells, while the Coulomb’s term act on both 
cores and shells. Note that the Coulomb’s interaction between core 
and shell of the same atom is excluded. Therefore, the total potential 
energy of the system takes the form of:

(3)
Co,O

total ij cs
i j i

U U E
 

  

All molecular dynamics simulations were performed using 
LAMMPS22 with a time step of 1.0 fs. The short-range terms were 
truncated at 12 Å. The long-range Coulomb’s interaction was 
calculated by the particle–particle particle-mesh (PPPM) method with 
a root mean square accuracy of 10−6. Periodic boundary conditions 
were applied along all directions. Using the force field, MD 

 

Figure 1. Representative normalized HCACF profiles of (a) a monocrystalline LiCoO2 model with the box size of 5.91 × 5.85 × 5.62 nm3 
and (b) a polycrystalline LiCoO2 model with the box size of 5.91 × 5.85 × 5.62 nm3. Both HCACF profiles are along the x-direction or 
[100] for the monocrystal at 300 K. Only the first 15 ps is shown despite the total correlation time of 0.2 ns. Inset of (a) shows a side view 
along [010] and a 3D view of the monocrystal model. Inset of (b) shows a 3D view of the polycrystal model. (c) Raw results of the thermal 
conductivity by integrating the HCACF in (a), which does not converge. (d) Running average of the raw data leads to converging thermal 
conductivity.
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calculations predict that LiCoO2 has the elastic moduli of 325.03 GPa, 
302.09 GPa and 256.86 GPa along the three primary directions, which 
agree well with DFT calculations23-25 and experimental data.26

Equilibrium Molecular Dynamics (EMD). Based on the 
fluctuation-dissipation theorem, the Green-Kubo method is an 
effective MD-based approach to calculate thermal conductivities of 
bulk materials. According to the Green-Kubo theory, the thermal 
conductivity tensor is proportional to a time integral of the heat 
current autocorrelation function (HCACF). For example, the thermal 
conductivity along the i-th (i = x, y, z) direction can be computed by:27 

(4)   2 0

1 0i i i
B

J J t dt
Vk T




  

where T is the temperature, kB is the Boltzmann constant, V is the 
domain volume, Ji(t) is the time-dependent heat current along the i-th 
direction, and  represents the ensemble average. The heat flux is 〈 ∙ 〉
given by:28 

(5) i i ij i j ij
i i j

E


      J v F v v r

where vi is the velocity of atom i, Fij is the force on atom i exerted by 
its neighboring atom j, and rij is the relative position vector. Here, the 
total energy associated with the i-th atom, Ei, is expressed by 

(6)21 1
2 2i i i ij

i j
E m U



  v

where mi is the atomic mass, and Uij is the potential function defined 
in Eq. (1). To prepare a structure for EMD simulation, the system was 
first equilibrated in NPT at 300 K and 0 atm for 2 ns. The system was 
then simulated in NVE for 6.5 ns, with the first 2.5 ns to achieve the 
steady state and th e rest 4 ns for thermal conductivity calculations. 
To calculate thermal conductivities, a long correlation time of 0.2 ns 
was used in which 20000 samples of the ensemble average were 
obtained. Each production run of 4 ns contained 20 calculations of the 
integral of HCACF. Results from these calculations were averaged to 
reduce uncertainties. 

Reverse Non-Equilibrium Molecular Dynamics (RNEMD). 
RNEMD29 was used in this study to calculate: (1) interfacial thermal 
conductance across grain boundaries; and (2) thermal conductivity of 
a bulk material. The interfacial thermal conductance, G, was 
calculated by

(7)JG
T




where J is the steady-state heat flux and T is the temperature drop 
across the grain boundary. The thermal conductivity of a bulk material 
along the heat flux direction (e.g. the z-direction) was calculated by

 (8) 
/
JL

dT dz
 

where dT / dz is the temperature gradient and J is the heat flux. The 
calculated  is shown as a function of L, i.e. model length along the 
heat flux direction, because NEMD results are known to have 
prominent length effects.30 The simulation box was divided into 
multiple slabs along the heat flux direction. Heat flow was generated 

by exchanging atomic kinetic energy between the hottest atom in heat 
sink and the coldest atom in heat source at specified intervals. A 
virtual elastic collision model was employed to maintain momentum 
and energy conservation during velocity swapping. At the steady 
state, heat flux was calculated by

 (9)
2

EJ
tA




where A is the cross-sectional area, ΔE is the average energy exchange 
per swap, t is the time interval between swaps, and the factor of “2” 
accounts for the two thermal transport paths form heat source to heat 
sink. To prepare a structure for RNEMD simulation, the systems were 
first optimized by conjugate gradient, then equilibrated in NPT at 300 
K and 0 atm for 0.5 ns. To relax atomic structures at grain boundaries, 
relevant systems were heated up in NPT from 300 K to 500 K in 0.5 
ns, equilibrated at 500 K and 0 atm for 0.5 ns, cooled down to 300 K 
in 0.5 ns, and then equilibrated at 300 K and 0 atm for 0.5 ns. Finally, 
the systems were simulated in NVE for 4 ns. The first 2 ns was to 
reach the steady state, and the latter 2 ns was the production run.

RESULTS AND DISCUSSION
Heat Current Autocorrelation. Reliable thermal conductivity 
calculations via EMD require convergence of the system to the steady 
state, which can be characterized by the normalized heat current 
autocorrelation function (HCACF). Figure 1a, b plots the normalized 
HCACF for two examples of the monocrystalline and polycrystalline 
LiCoO2, respectively. In both plots, the normalized HCACF decays 
rapidly within the first couple of picoseconds. The speed of 
convergence is similar in the other EMD cases performed in this 
study. Therefore, the correlation time of 0.2 ns is sufficient for 
accurate thermal conductivity calculations. Compared with the 
monocrystalline LiCoO2, the polycrystalline LiCoO2 shows faster 
convergence in the HCACF. This can be explained by the fact that the 
convergence time of HCACF is proportional to the phonon mean free 
path or phonon relaxation time.30 In the polycrystalline structure, 
phonons are dispersed across grain boundaries making the phonon 
mean free path restricted by the grain size. This lowers the phonon 
mean free path leading to faster convergence in the polycrystalline 
LiCoO2.

An important characteristic of the HCACF of both 
monocrystalline and polycrystalline LiCoO2 is the unmonotonous 
decay in the converging regime. Previous EMD studies on other 
materials have demonstrated two different kinds of decay in the 
HCACF. Some materials including silicon9,31 and argon10,32 show 
monotonous decay in the positive quadrant, while some others 
including quartz33 show large oscillations between the positive and the 
negative as the absolute value decays. The LiCoO2 falls into the 
second category. The large oscillations during convergence are due to 
the optical phonons33 and even after convergence, there exist small 
oscillations or noises in the HCACF. Such oscillations make direct 
integration unsuitable for thermal conductivity calculations. 
Alternatively, McGaughey et al. proposed an approach that uses the 
running average to calculate thermal conductivities.33 Figure 1c plots 
the thermal conductivity calculated by Eq. (4) using the 
autocorrelation data shown in Figure 1a. Due to oscillations present in 
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the autocorrelation data, the predicted thermal conductivity does not 
converge with time. The raw data was then treated by the running 
average at intervals of 200 fs. Figure 1d shows the raw data in grey 
and the treated data in black. Apparently the treated data has much 
less oscillations with a flat segment indicating convergence. An 
average in the convergence region gives a more accurate prediction of 
the thermal conductivity. This approach was applied to all EMD-
based thermal conductivity calculations in this study for both 
monocrystalline and polycrystalline LiCoO2.
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Figure 2. (a) Thermal conductivity of monocrystalline LiCoO2 at 300 
K along [100], [010] and [001] for four unit structures of increasing 
sizes. (b) Thermal conductivity of monocrystalline LiCoO2 at 
different temperatures for the unit structure of 5.91 × 5.85 × 5.62 nm3. 
Each data point is an average of the conductivities calculated from 20 
independent simulations, with errors bars showing the standard 
deviation.

Thermal Conductivities of Monocrystalline LiCoO2. This section 
studies the effects of three parameters (i.e. size, direction and 
temperature) on the thermal conductivity of monocrystalline LiCoO2. 
Most of the results will be generated by EMD, and they will be 
verified against RNEMD calculations.

Thermal conductivities calculated by the Green-Kubo approach 
are known to have size effects. In small unit cells, phonons of longer 
wavelengths are prohibited which offsets thermal conductivity 
predictions. This effect will become insignificant when the unit cell is 
sufficiently large to include all important phonon modes. To 
understand this effect, four monocrystalline LiCoO2 models of 
different sizes were simulated, including 3.94 × 3.90 × 4.22 nm3, 5.91 
× 5.85 × 5.62 nm3, 8.16 × 8.29 × 8.43 nm3 and 10.14 × 10.24 × 11.24 
nm3 which correspond to 14 × 8 × 3, 21 × 12 × 4, 29 × 17 × 6 and 36 
× 21 × 8 repetitive unit cells in the simulation box. The three axes of 
the simulation box are aligned with the principle directions of the 
LiCoO2 crystal, e.g. the x-axis along [100]. Figure 2a plots thermal 
conductivities of the four LiCoO2 unit structures along all the three 
primary directions. Each data point is an average of the conductivities 
calculated from 20 independent simulations, with errors bars showing 
standard deviation. The thermal conductivity is found to increase with 
size along all directions with the tendency to converge. The 

convergence is caused by involvement of more phonon modes in 
larger simulation structures.

From Figure 2a, the thermal conductivity converges with the 
simulation box of 8.16 × 8.29 × 8.43 nm3 since the calculation with a 
larger simulation box yields similar results. The converged thermal 
conductivity, , is 147.02 ± 12.5 W m-1 K-1, 141.52 ± 10.9 W m-1 K-𝜿𝟎
1 and 100.62 ± 14.1 W m-1 K-1 along the three directions of LiCoO2. 
Using the phonon kinetic theory, the phonon mean free path, λ, can be 
estimated by

 (10)
0

1
3

Cv 

where C is the specific heat and v is the velocity of phonons which can 
be estimated by the sound velocity in the material.34 Based on 
previous experiments,35 sound velocities of LiCoO2 along the 
longitudinal and transverse directions are 6961 m/s and 4088 m/s, 
respectively. An average gives v = 5045.67 m/s. The specific heat was 
calculated to be C = 70.52 J K-1 mol-1 at 300 K using the density 
functional theory.24 Based on these results and the mean values of , 𝜅0

Eq. (10) gives the phonon mean free path of 55.11 nm, 53.04 nm and 
37.71 nm along the three direction at 300 K.

Based on the results, the thermal conductivity of monocrystalline 
LiCoO2 is anisotropic with the ranking of [100] > [010] > [001]. This 
is consistent with the lattice structure of LiCoO2. The LiCoO2 solid is 
a layered structure composed of monovalent Li+ layers and anionic Co 
and O layers alternating along the [001] direction (see inset of Figure 
1a for detail). Phonons experience strong scattering as they transport 
through the alternating layers in such a “composite” layered structure, 
which lowers the thermal conductivity along [001]. By comparison, 
the atomic structure is relatively more consistent within the plane of 
layers, causing thermal conductivities along the two in-plane 
directions (i.e. [100] and [010]) comparable with each other and 
higher than that along [001]. In addition to the anisotropy, thermal 
conductivities of LiCoO2 are also found to depend on temperature. As 
shown in Figure 2b, the thermal conductivity drops by about 60.33% 
from 300 °C to 400 °C, and decreases further by about 53.31% from 
400 °C to 500 °C. In most single crystals, thermal conduction at 
elevated temperatures is increasingly influenced by the phonon-
phonon Umklapp scattering, which lowers the thermal 
conductivity.36,37
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The EMD results were further verified by RNEMD for 
monocrystalline LiCoO2 at 300 K. Due to the setup of RNEMD, it can 
only calculate the thermal conductivity along one direction at a time, 
and this verification considers [001]. Another important characteristic 
of RNEMD is that its results have strong dependency on model length 
along the direction of interest. One reason is the constraints imposed 
by the finite model size on phonons of longer wavelengths, similar to 
that in EMD. Another reason unique to RNEMD is caused by the 
varying temperature within the model leading to enhanced phonon 
scattering. The latter explains why for most materials, RNEMD has 
much more significant size effects than EMD. Based on many 
previous studies, the length effect of RNEMD is well characterized by 
the empirical equation proposed by Schelling et al.30 which takes the 
form of

 (11)
  0

1 1 1
L L


 

   
 

where  is the length-dependent thermal conductivity, L is the model 𝜿
length along the direction of interest,  is the thermal 𝜿𝟎 = 𝜿𝑳→∞

conductivity at the infinite length or when the length effect does not 
play a role, and λ is the phonon mean free path. The verification was 
done by comparing length-dependent RNEMD results with the -L 

Figure 3. Size effects associated with the thermal conductivity of 
monocrystalline LiCoO2 along the [001] direction. The curve plots 
the empirical equation Eq. (11) using  and  from converged EMD 𝜅0 𝜆
calculations. The shared area is bounded by two similar curves of Eq. 
(11) considering the standard deviation of . The three dotted lines 𝜅0

are the upper limit of these three curves. Green circles are RNEMD 
simulation results with different lengths along [001].
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Figure 4. (a) A representative model for grain boundary thermal conductance calculations (blue spheres: cobalt; red spheres: oxygen; pink 
spheres: lithium). (b) Left: temperature profile of the computational system from the RNEMD simulation. Right: A temperature jump is 
identified across the grain boundary. (c) Five grain boundaries with different tilt angle including 15º, 30º, 45º, 60º and 75º about the y-
axis. (d) Grain boundary thermal conductance versus the tilt angle and grain size for different tilt orientations about the (d) x-axis, (e) y-
axis and (f) z-axis. (g) Effect of temperature on the interfacial thermal conductance for three tilt angles about the z-axis.
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relationship predicted by Eq. (10) using  and λ from the EMD 𝜿𝟎

calculations. Quantitatively, along the direction of interest, i.e. [001], 
EMD gives  = 100.62 W m-1 K-1 and λ = 37.71 nm. With these two 𝜿𝟎

numbers, Eq. (11) is plotted in Figure 3 which shows excellent 
agreement with the RNEMD results. Note that the plot of Eq. (11) in 
Figure 3 also considers the uncertainties associated with . The thick 𝜿𝟎

red line shows the prediction made with the mean value of , while 𝜿𝟎

the red shaded area shows the variance bounded by predictions made 
considering the standard deviation of . The RNEMD results are 𝜿𝟎

shown as green circles for the model length of 9.84 nm, 19.68 nm and 
39.35 nm along the [001] direction. In the RNEMD simulation, 
transverse dimensions along [100] and [010] were set as 3.38 nm and 
3.41 nm, respectively, which were large enough to not affect thermal 
conductivity calculations along [001]. Due to the prominent size 
effects associated with RNEMD, thermal conductivities predicted 
with the given lengths are from 6.69 W m-1 K-1 to 21.01 W m-1 K-1, far 
below . However, the agreement shown in Figure 3 suggest 𝜿𝟎

excellent consistency between the two approaches.

Grain Boundary Thermal Conductance. RNEMD was employed to 
study thermal transport across grain boundaries in polycrystalline 
LiCoO2. A typical simulation model is shown in Figure 4a which 
contains two grains. The two grains were assumed to have the same 
size, d, which was varied among 5 nm, 10 nm and 20 nm. One grain 
was rotated with respect to the other to represent different grain 
orientations in polycrystals. The rotation can be characterized by two 
parameters, i.e. the rotation direction and the rotation or tilt angle. 
This study considers five tilt angles including 15°, 30°, 45°, 60° and 
75° (Figure 4c) about the three primary axes. For each grain boundary, 
the RNEMD simulation leads to a temperature profile as illustrated in 
Figure 4b. The temperature profile is almost linear in each of the 
grains except for the nonlinear regions near the heat source and the 
heat sink. At the grain boundary, a temperature “jump”, T, is 
identified which is correlated with the grain boundary thermal 
conductance. 

The resulting thermal conductance is plotted in Figure 4d-f for 
tilts about the x, y and z-axis, respectively. Interestingly, the tilt 
direction does not show significant impact on the grain boundary 
thermal conductance. Instead, the tilt angle plays the most important 
role. As the tilt angle increases from 0° to 90°, the grain boundary 
thermal conductance first decreases almost linearly and then 
increases, attaining its minimum when the tilt angle equals to 45°. Use 
the data for d = 20 nm as an example. The grain boundary thermal 
conductance is 21.53 GW m-2 K-1 when the tilt is at 15° about the x-
axis, and it drops by 50% to 10.28 GW m-2 K-1 when the tilt is at 45°. 
Indeed, among all tilt angles under investigation, 45° leads to the most 
defects at the grain boundary, and gives the most different lattice 
structures along the direction of heat current between the two grains. 
Both factors cause significant phonon scattering and drastically 
increase thermal resistance. In addition to the tilt angle, the grain size 
is also found to influence the grain boundary thermal conductance, 
due to the same reasons that cause the size effects of RNEMD as 
shown in Figure 4. Overall, the grain boundary thermal conductance 
of LiCoO2 is 7.16 ~ 25.21 GW m-2 K-1 considering all cases 
investigated in this study. 

Further, effect of temperature is explored by using a 
representative microstructure with the grain size of 10 nm, three 
selected tile angles about the z-axis including 15°, 30° and 45°, and 
three temperatures including 300 K, 400 K and 500 K. As shown in 
Figure 4g, temperature does not show obvious impact on the 
interfacial thermal conductance, in agreement with previous 
theoretical studies.38-40
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Figure 3. (a) Thermal conductivities of three polycrystalline LiCoO2 
models at 300 K. All three models shown in the insets have 8 grains 
randomly generated in a box of 3.94 × 3.90 × 4.22 nm3. (b) Average 
thermal conductivity of polycrystalline LiCoO2, , for five models of  𝜿 
different box sizes and numbers of grains. Insets show the five unit 
structures. Their grain sizes are 2.01 nm, 1.93 nm, 2.90 nm, 2.07 nm 
and 4.15 nm, respectively.

Thermal Conductivities of Polycrystalline LiCoO2. Thermal 
conductivities were calculated for polycrystalline LiCoO2 using unit 
structures randomly generated by 3D Voronoi Tessellation. Due to the 
randomness in unit structure sampling, it is important to understand 
how much variation the predicted thermal conductivity has due to the 
structural randomness. For this purpose, three simulation boxes were 
generated with the same box size of 3.94 × 3.90 × 4.22 nm3 and the 
same number of grains (eight). Their thermal conductivities are shown 
in Figure 5a. Although 8 is not a large number of grains, the predicted 
thermal conductivities already show some isotropy due to the 
averaging effects caused by randomly oriented grains. The largest 
conductivity is only about 8-9% higher than the lowest for the same 
model. The isotropy is expected to be more apparent when more 
grains are present in the model. Due to the demonstrated isotropy, 
thermal conductivity averaged from the three directions, , will be 𝜅
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considered in following discussion. Importantly,  shows very small 𝜅
sample variance as the unit structure changes. For the three unit 
structures under investigation,  is found as 4.06, 3.97 and 3.94 W m-1 𝜅
K-1, respectively, with differences below 3%. The sample variance is 
also expected to decrease with the number of grains. 

Figure 5b shows  of five representative unit structures of LiCoO2 𝜅
with different box sizes and grain sizes. Model A has 8 grains in the 
box of 3.94 × 3.90 × 4.22 nm3. Model B has 27 grains and model C 
has 8 grains, both in the box of 5.91 × 5.85 × 5.62 nm3. Model D has 
64 grains and model E has 8 grains, both in the box of 8.16 × 8.29 × 
8.43 nm3. The grain sizes, d, of these five unit structures are 2.01 nm, 
1.93 nm, 2.90 nm, 2.07 nm and 4.15 nm, respectively. There are two 
important findings: 

(1) Models A, B and D have comparable grain sizes of 
approximately 2 nm, and their thermal conductivities are 4.06, 
4.89 and 4.96 W m-1 K-1, respectively. On one hand, these results 
are very close, suggesting the important role of grain size. On the 
other hand, the increasing trend matches well with the size effect 
revealed in Figure 2a for monocrystalline LiCoO2. Indeed, as the 
number of grains increases from 8 (A) to 27 (B) and finally to 64 
(D), the simulation box size increases. This allows phonons of 
longer wavelengths to participate in heat transfer, leading to 
higher thermal conductivities. 

(2) Models A, C and E feature increasing grain sizes, and their 
thermal conductivities are 4.06, 6.89 and 9.08 W m-1 K-1, 
respectively. The results, again, show the important role of grain 
size – the larger grain size, the higher thermal conductivity. The 
grain size effect will be elucidated in the next section using two 
thermal resistance models.

It deserves mentioning that the grains in any polycrystal have a 
distribution in size. As the present study mainly focuses on the effect 
of average grain size on the thermal conductivity of LiCoO2, some 
studies in the literature have revealed that the grain size distribution 
also plays a role. In general, polycrystals with fine grains may have 
higher thermal conductivities when the grain size is more widely 
distributed; and such an effect is reduced as the average grain size 
increases. Using polycrystalline h-BN as an example,41 when the 
average grain size is about 1 nm, the thermal conductivity with non-
uniform grains is about 15% higher than that with uniform grains. The 
difference drops below 1% when the average grain size exceeds 200 
nm. Similar trend is expected for other polycrystals including LiCoO2. 
With fine grains, the grain boundaries dominate in thermal resistance 
and heat may be conducted along paths that connect larger grains to 
reduce thermal resistance. The effect is eliminated when the grain size 
is sufficiently large so that the intra-grain thermal resistance 
dominates.  

Thermal Resistance Models. Polycrystalline and monocrystalline 
LiCoO2 are shown to have thermal conductivities that are 1-2 orders 
of magnitude different. The discrepancy is caused by the many grain 
boundaries in polycrystals that resist thermal conduction. This section 
discusses two thermal resistance models that integrate thermal 
conductivities of the polycrystal and monocrystal along with the 
thermal conductance of grain boundaries. The purposes are two folds. 
First, the model involves all results presented in previous sections for 

the monocrystal, polycrystal and grain boundaries. It will therefore 
serve as a verification of computational results of this study. Second, 
the polycrystals considered in the EMD calculations are limited to 
having nanoscale grains but realistic polycrystalline LiCoO2 usually 
have larger grains. This issue can be solved by the thermal resistance 
models as they work for polycrystals of any grain sizes.

Simplifying the polycrystal as a linear set of grains with equal 
lengths connected with grain boundaries, thermal resistance model15 
gives 

 (12)1

poly grain gb

d d
G 

 

where  and  are thermal conductivities of the polycrystal 𝜿𝒑𝒐𝒍𝒚 𝜿𝒈𝒓𝒂𝒊𝒏

and the grain, respectively, GGB is the grain boundary thermal 
conductance, and d is the grain size. It is important to note that  𝜿𝒈𝒓𝒂𝒊𝒏

is not  which is the thermal conductivity of the monocrystal. Due to 𝜿𝟎

the finite size of grains,  has a size effect which can be 𝜿𝒈𝒓𝒂𝒊𝒏

approximately described by Eq. (11). Due to randomly oriented grains 
in the polycrystal,  in the equation is approximated by , which is 𝜿𝟎 𝜿𝟎

an average of thermal conductivities along the three directions for 
monocrystalline LiCoO2. Based on the converged values from the 
EMD simulation,  = 129.72 W m-1 K-1. Similarly,  is approximated 𝜿𝟎 𝝀
by  which is 48.62 nm. Use model E in Figure 5 which has 8 grains 𝝀
in a box of 8.16 × 8.29 × 8.43 nm3 as an example. Eq. (11) gives 

 = 10.16 W m-1 K-1 with L = d = 4.15 nm. Subsequently, Eq. 𝜿𝒈𝒓𝒂𝒊𝒏

(12) gives Ggb = 20.43 GW m-2 K-1 given that the average thermal 
conductivity of the polycrystal is  = 9.08 W m-1 K-1 based on the 𝜿𝒑𝒐𝒍𝒚

EMD results. The result of grain boundary thermal conductance is 
well within the range of 7.16 ~ 25.21 GW m-2 K-1 predicted by 
RNEMD, which verifies the results of this study.

A more recent model17 expresses  as  following 𝜅𝑔𝑟𝑎𝑖𝑛 𝐶𝑣𝜆𝑔𝑟𝑎𝑖𝑛/3
Eq. (10) and uses the Matthiessen’s rule42 of  𝜆 ―1

𝑔𝑟𝑎𝑖𝑛 = 𝜆 ―1
0 + 𝜆 ―1

𝑔𝑏

Figure 4. Average thermal conductivity, , of polycrystalline LiCoO2 𝜿
versus grain size. The red line plots Eq. (12) with the size effects 
described by Eq. (11). The blue dash-dotted line plots Eq. (13), which 
is fitted using the EMD results (green circles). Both models predict 
the thermal conductivity of polycrystalline LiCoO2 and converge to 

, the average thermal conductivity of monocrystalline LiCoO2 (red 𝜿𝟎

dashed line).
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where  and  are phonon mean free path of the grain and the 𝜆𝑔𝑟𝑎𝑖𝑛 𝜆𝑔𝑏

additional phonon mean free path caused by grain boundaries. 
Assuming  scales with , the model takes the form of 𝜆𝑔𝑏 𝑑𝛼

 (13) 
 

0

0

1

1 1
poly

gb

d

d G d





 


 








   

where α is a fitting parameter. The fitting is based on EMD results of 
the thermal conductivity for polycrystals of various grain sizes. For 
each polycrystal model,  is calculated by averaging thermal 𝜿𝒑𝒐𝒍𝒚

conductivities along the three directions and d is the corresponding 
grain size.  and  are approximated by  and . Ggb is 𝜿𝟎 𝝀 𝜿𝟎 𝝀
approximated as 16 GW m-2 K-1, which is right in the middle of the 
range calculated by RNEMD. The fitting gives α = 0.9961 for LiCoO2 
with a correlation factor of 0.95. The equation with this α is plotted in 
Figure 6 as the blue dash-dotted line, while the EMD data used for 
fitting is shown by green circles. As the grain size increases, the 
predicted  approaches . Similar prediction can also be made 𝜿𝒑𝒐𝒍𝒚 𝜿𝟎

by the first model using Eq. (12) together with Eq. (11) and the same 
Ggb = 16 GW m-2 K-1. The resulting  is plotted in Figure 6 as the 𝜿𝒑𝒐𝒍𝒚

red solid line. Both models give excellent agreement with each other.

A recent experimental work measured the thermal conductivity of 
polycrystalline LiCoO2 as 5.4 W m-1 K-1.26 The cross-sectional high-
resolution transmission electron microscopy (HRTEM) image26 
shows that the average grain size is below 10 nm. Assuming a grain 
size of 5 nm, our model shown in Eq. (13) predicts the thermal 
conductivity of 10.45 W m-1 K-1. The difference is attributable to 
imperfections present in the sample due to the relatively low annealing 
temperature of 500 °C.26

CONCLUSIONS
To summarize, this work uses the MD simulation in combination 
with thermal resistance models to understand thermal transport 
in monocrystalline and polycrystalline LiCoO2 and across its 
grain boundaries. The monocrystalline LiCoO2 shows 
anisotropic thermal conductivities of 147.02 ± 12.5 W m-1 K-1, 
141.52 ± 10.9 W m-1 K-1 and 100.62 ± 14.1 W m-1 K-1 along the 
three primary lattice directions, with the lowest along the 
direction where the lithium layers and the cobalt oxide layers 
alternate. The thermal conductivities is dependent on 
temperature, decreasing by about 60.33% from 300 °C to 400 °C 
and by about 53.31% from 400 °C to 500 °C. Additionally, 
strong size effects are identified which can be well characterized 
by Eq. (11) indicating a  correlation. For 1/𝜅 ― 1/𝐿
polycrystalline LiCoO2, the thermal conductivity becomes more 
isotropic and the dominant factor among others is the grain size. 
As the grain size varies from 2 nm to 4 nm, the thermal 
conductivity is increased from about 4.06 W m-1 K-1 to 9.08 W 
m-1 K-1. The revealed grain size dependence is fundamentally due 
to two reasons, i.e. size effects of intra-grain thermal 
conductivities and thermal resistance of grain boundaries. In 
studying the grain boundary thermal resistance, one of the two 
grains forming the grain boundary is rotated to sample different 
relative orientations as seen in realistic grain boundaries. The 
axis about which the grain is rotated does not show significant 

influence. Rather, the tilt angle plays a dominant role, making 
the grain boundary thermal conductance vary in a wide range of 
7.16 ~ 25.21 GW m-2 K-1. All of these results contribute to the 
calibration of two thermal resistance models, i.e. Eq. (12) and 
Eq. (13). The two models use the same approach to include the 
contribution made by grain boundaries, but they treat size effects 
of intra-grain thermal conductivities differently. The first uses 
the size effects as revealed by Eq. (11), while the second uses the 
phonon kinetic theory with . Both models 𝜆 ―1

𝑔𝑟𝑎𝑖𝑛 = 𝜆 ―1
0 + 𝑑 ―𝛼

show consistent  relationship. They collectively provide 𝜅𝑝𝑜𝑙𝑦 ―𝑑
useful insights into the grain size effect within and beyond the 
nanocrystalline regime and may contribute to materials design 
for improved thermal management of batteries.
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