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While Li-ion cells show outstanding electrochemical performance, their poor thermal transport characteristics
result in reduced performance as well as significant safety concerns. The heterogeneous interface between
cathode and separator plays a vital role in the process of thermal conduction in a Li-ion cell. Recent experiments
have shown that the cathode-separator interfacial thermal resistance contributes significantly to total thermal
resistance within the cell. In this paper, thermal conductance across the cathode-separator interface is calculated
using molecular dynamics (MD) simulations with IFF-CVFF force field. Thermal transport in a pristine hetero-
geneous interface as well as when bridged with 3-Aminopropyl triethoxysilane (APTES), n-Butyl trimethox-
ysilane (nBTMS) and 3-Mercaptopropyl trimethoxysilane (MPTMS) molecules is computed. It is shown that
molecular bridging at the interface results in up to 250% improvement in interfacial thermal conductance for the
APTES case, which is consistent with recent experimental data. These results quantify the key role of the
cathode-separator interface in thermal transport within the Li-ion cell, as well as the potential improvement in
interfacial thermal transport by molecular bridging. The techniques and results discussed here may help

downselect molecular species for interfacial thermal transport enhancement in Li-ion cells.

1. Introduction

Li-ion cells are used widely in a large number of energy storage
applications, including electric vehicles, consumer electronics, renew-
able energy storage, etc. [1,2]. High energy storage density is a key
advantage of Li-ion cells compared to other energy storage technolo-
gies. Energy storage in a Li-ion cell occurs via intercalation and de-
intercalation of Li ions between a cathode material, typically made of a
Li salt such as LiCoO,, LiFePO,, etc. and an anode, typically made of
graphite [2]. The anode and cathode are typically separated by a
polymer-based separator. A roll or multiple folds of cathode-separator-
anode-separator sheets are packed tightly into cylindrical or prismatic
cells. A large number of such cells are electrically connected with each
other to make a module and battery pack capable of large-scale energy
storage [3].

Poor thermal transport in Li-ion cells and battery packs has been
widely recognized to be a key technological concern that limits the use
of Li-ion cells [4,5]. Overheating in Li-ion cells, often caused by poor
thermal conductance within the cell, results in large temperature rise in
the cell. Above a certain threshold, high cell temperature causes an
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increased rate of heat generation due to exothermic decomposition
processes, which in turn raises the cell temperature further. This posi-
tive feedback phenomena, called thermal runaway, is unsustainable
and results in catastrophic failure and fire [6,7].

It is clearly desirable to better understand and enhance thermal
transport within a Li-ion cell for improved safety and performance.
While a number of thermal management strategies have been in-
vestigated for external thermal management of Li-ion cells [4,8,9,10],
thermal transport within the cell is known to be a rate-limiting step
[7,11,12,13] and therefore, must be fully understood and optimized. In
addition to being orthotropic, overall thermal conductivity of Li-ion
cells has been measured to be very poor, of the order of 0.2-0.6
Wm ™ 'K™! [14,15]. Past work has demonstrated multiple benefits of
improving thermal conductivity of the cell, including reduced like-
lihood of thermal runaway [12], increased discharge rate capability
[11], increased energy storage density through reduced requirement for
external thermal management [16], etc.

Given that most constituent materials within a Li-ion cell have
reasonably high thermal conductivity [13,17], the overall poor thermal
conductivity indicates dominance of interfacial thermal resistance [13].
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Nomenclature

m molar mass (g/mol)

v velocity (1°\/fs)

kp Boltzmann Constant (kgm?/s°K)

T Temperature (K)

A Interfacial Thermal Conductance (MW,/m?-K)
o) Heat flux (W/m?)

Recently reported experimental measurements show that interfacial
thermal resistance at the cathode-separator interface constitutes about
88% of overall thermal resistance within a Li-ion cell [13]. Using
acoustic mismatch theory [18], such high resistance has been explained
on the basis of presence of only weak van der Waals interactions at the
interface and high mismatch in speeds of sound in the two materials
[13]. However, a detailed explanation using more fundamental thermal
transport simulations is missing. Further, measurements have shown
that interfacial thermal transport between the cathode and separator
can potentially be improved through molecular bridging between the
two materials [13]. Interfacial bridging with aminosilane has been
shown to result in 3X reduction in measured thermal contact resistance
[13]. This is consistent with other experiments that report similar
thermal enhancement with the use of molecular bridging between other
material pairs such as Cu and SiO, [19], and Au and carbon nanotubes
[20].

Given the length-scales (~few nm) associated with thermal trans-
port at the molecular interfaces, molecular dynamics (MD) simulations
are routinely used to investigate such transport and gain deeper un-
derstanding of heat conduction across the interfaces. For example, MD
simulations have been employed to model thermal transport across a
variety of material pairs such as graphene-semiconductor hetero-
structures [21], Si/Ge interfaces [22], silicene/silica interfaces [23],
graphene/phosphorene interfaces [24], etc. A number of MD studies
have also suggested that interfacial thermal transport can be enhanced
by incorporating bridging molecules [19,25,26]. However, the litera-
ture specific to MD-simulations for thermal transport in Li-ion cell
materials is rather sparse [27,28], particularly for interfacial thermal
transport, mainly due to the lack of appropriate force-fields for cathode
and other electrochemical materials. It is not clear which bridging
molecules are most suitable for the specific materials that constitute the
cathode and separator in a Li-ion cell. Given the large number of po-
tential molecules that could be used as molecular bridges, it is im-
portant to develop computation tools to characterize thermal perfor-
mance of various molecules towards enhanced interfacial thermal
transport in a Li-ion cell. Such a tool will help down-select candidate
molecules, which can then be characterized experimentally. Such a
capability is particularly important in the context of Li-ion cells because
of the time-consuming nature of experiments needed to establish long-
term reliability and safety of any material changes within the cell.

This paper presents a MD based study of interfacial thermal re-
sistance between LiCoO, cathode and amorphous polyethylene

a) b)

APTES MPTMS
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separator of a Li-ion cell. Specifically, the impact of incorporating three
different molecules from the silane family at the cathode-separator in-
terface on interfacial thermal resistance is presented. It is found that
there may be substantial improvement in thermal transport at the
cathode-separator interface by the use of a carefully selected bridging
molecule due to end group interaction with the organic site. Results
from this work are consistent with past experimental measurements
[13], and may help select and design appropriate materials for im-
proved thermal performance of Li-ion cells.

2. Simulation details
2.1. Material system

LiCoO, and amorphous polyethylene are investigated in this work
because these are the most common constituents for cathode and se-
parator, respectively for a Li-ion cell. In addition to a baseline case,
where LiCoO, and polyethylene are directly attached to each other, a
number of cases with presence of a bridging molecule are investigated.

Fig. 1(a)-(c) present the three alkylsilane molecules - APTES (3-
Aminopropyl) triethoxysilane, MPTMS (3-mercaptopropyl) triethox-
ysilane and nBTMS (n-butyl) trimethoxysilane — investigated in this
study for the interfacial thermal transport enhancement. The primary
reason for choosing alkylsilanes for this study is the observation that
they are known to self-assemble on metal oxide surfaces. This char-
acteristic of alkylsilanes has been used in the past to adjust surface
morphology, leading to altered wetting and transport properties [29-
32]. Past experimental work also indicates the possibility of reduced
interfacial thermal resistance due to similar molecules in a variety of
material systems [13,19,20,33,34], most likely due to enhanced surface
adhesion caused by functional sites on both ends of the molecule. Here,
a molecular dynamics study of interfacial thermal transport in the
presence of three such molecules is carried out. Comparative calcula-
tions of interfacial thermal transport without and with such molecules
helps understand the relative thermal performance of such molecules.

2.2. Development of LiCoO; force field

While parameters for several organic molecules are well-established
in literature, the parameters for LiCoO, are developed in this work
using the following general outline for the Interface Force-Field (IFF)
[35, 36] in CVFF format [37,38]: First, a small supercell structure for
LiCoO, is created using available X-ray data from literature. Atom
types, atomic charges, ‘initial’ bonded parameters, and Lenard-Jones
parameters for all atoms are then assigned. Hereby, atomic charges
accurately describe the chemistry and chemical bonding in the mixed
oxide [39]. MD simulations are then carried out in order to analyze
density and lattice constants of modeled structure. If the standard error
is greater than 1% compared to experimental data, parameters are
adjusted and the process is repeated. Otherwise, surface properties such
as surface energy and solvation energy are computed, with a standard
error of up to 5% considered acceptable. Mechanical properties are then

Fig. 1. Molecular structures of bridging molecules investigated in this
work for functionalization of the cathode-separator interface. a)
APTES  [3-Aminopropyl triethoxysilane] b) MPTMS [3-
Mercaptopropyl trimethoxysilane] ¢) nBTMS [n-Butyl trimethox-
ysilane]. (Colour scheme: Si-Cyan, C- Gray, H-White, O-Red, N-Blue,
S-Yellow)
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computed to further refine parameters, and usually obtained in good
agreement with experiment without further major modifications. De-
veloped parameters for LiCoO, for this study represent chemical
bonding with experimental lattice geometry (error<1%), density
(error <1%), mechanical properties (error <5%) and cleavage energy
(consistent with DFT calculation). The unit cell of LiCoO, models used
in this work and the validations of CVFF are shown in Fig. 2. The
structural properties were calculated from a 50 ps simulation in the
NPT ensemble under 1.013 MPa and 298.15 K. The average lattice
parameters and density are in good agreement with the experimental
value with < 1% error [40]. Mechanical properties (bulk modulus and
shear modulus) were further calculated in using the Forcite module in
Material Studio[46]. The DFT calculated bulk modulus values were in a
range from 143 (local density approximation, LDA) to 169 GPa (gen-
eralized gradient approximation, GGA) [41]. The reported experi-
mental value is 149 GPa which was measured by high-pressure syn-
chrotron XRD [41]. The average computed bulk modulus with CVFF is
161 GPa (< 5% error). Comparing with the experimental shear modulus
80 GPa obtained from pulse-echo measurement [42], the calculated
value of 84 GPa also shows excellent match. Furthermore, surface
properties are validated by the cleavage energy. The computed cleavage
energy is determined by the difference in total energy between cleaved
surface and bulk surface with the use of Discover in Material Studio in a
NVT ensemble at 298.15 K. While there is no available experimental
value of cleavage energy to compare, the computed cleavage energy of
0.95 J/m? is within the range of the reference data (0.93-1.03 J/m?)
from DFT calculations. The IFF force field parameters for LiCoO, (in
CVFF format) thus obtained are summarized in Table 1 [35]. In prin-
ciple, the IFF protocol for LiCoO, can be adopted to other functional
forms (such as CHARMM and PCFF), and the complete IFF battery
material force field for multiple energy expressions and chemistries will
be described in a separate future publication. CVFF is chosen here due
to its simplicity, leading to lower computational costs for simulation, as
well as the observation that this force-field is well-studied for organic
molecules and polymeric systems [43, 44]. In these simulations, the
interaction between different organics and LiCoO, is considered phy-
sical in nature via van der Waals interaction. Interactions between
different atom types are calculated as per CVFF force-field convention,
enabled by the thermodynamic consistency of IFF parameters.

Bulk modulus (GPa)
Shear modulus (GPa) 801

Surface properties

Cleavage energy (J/m?)
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Table 1
LiCoO, IFF parameters in CVFF format.

1. Non-bond Atomic charge (e) o (pm) & (kcal'mol 1)

Li +0.62 173 0.04

(0] -0.80 345 0.15

Co +0.98 450 0.04

1I. Bond ro, ij (pm) K, (kcal-mol’l-;\ 2)
Co-O 239 118

III. Angles 6o, ik () Ko (kcal'mol ~'-rad %)
£Co-0-Co 98 85

£01-Co-01 98 85

202-Co-02 98 85

£01-Co-02 84.5 0

2.2. Simulation process

LAMMPS [45] package is used for all simulations. In addition to
LiCoO,, CVFF is used to model amorphous polyethylene and functio-
nalization molecules. In order to create the structure of LiCoO,-poly-
ethylene system, an orthogonal cell of size (~ 28 x 28 x 72 A) is
created in Materials Studio for LiCoO, [46]. The amorphous poly-
ethylene separator is modeled with 40 (-CH,-) monomers of 47 chains
built in MS 7.0 using amorphous polymer builder of similar size. Partial
charge calculations for amorphous polyethylene and functionalize
molecules are performed using Discover program in Material Studio .
The PPPM (particle-particle-particle-mesh) model with energy toler-
ance of 1 X 107° is used to incorporate long-range electrostatic in-
teractions [47]. A distance cutoff of 12.0 A is used for all simulations.
The initial LiCoO,-polyethylene system is relaxed by using NVT en-
semble with 1.0 fs time step for integration for 1 ns. The final co-
ordinates are used for the interfacial properties study.

LiCoO, and amorphous polyethylene structures are brought close
enough to form an interface. The periodicity in lateral directions (x- and
y- direction) mimic bulk-like interface conditions. The resultant struc-
ture is minimized with conjugate gradient algorithm, followed by
heating at 300 K using NVT ensemble via Nose-Hoover thermostat as
implemented in LAMMPS. An NPT (isothermal —isobaric) ensemble
(Nose-Hoover thermostat/barostat) is then used to equilibrate the
pressure and density with independent barostats along the orthogonal
X, y, and z directions. The system is determined to be equilibrated until
average energy is not changing with time and the energy fluctuations
are minimized. All simulations are performed with 1fs time step.

Lattice geometry

Expr. IFF-CVFF (error)
a(A) 2.816 2.802 (0.5%)
b (A) 2.816 2.802 (0.5%)
c(A) 14.054 14.050 (0.1%)
a=B (°) 90 90 (0)
v () 120 120 (0)
Density (g/cmd) 5.056 5.1 (0.9%)

Mechanical properties

Expr. / DFT
149+2 / 143-169

IFF-CVFF (error)
161£2 (4.5%)
8412 (5%)

Expr. / DFT
NA/0.93-1.03

IFF-CVFF (error)
0.95 (3%)

Fig. 2. Model of a LiCoO, unit cell and the validation of developed parameters in IFF. The IFF-CVFF parameters were refined to reproduce the structural, energetic

(cleavage energy), and mechanical properties.
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Interfacial thermal conductance calculations across the LiCoO, and
amorphous polyethylene with and without molecular bridging are
performed using non-equilibrium molecular dynamics (NEMD) simu-
lations on an orthogonal structure based on Fourier's law of heat con-
duction [48]. Fig. 3 shows a representative image of the molecular
assembly for the baseline case of thermal transport through the
cathode-separator interface without a bridging molecule. In contrast
with this baseline case, Fig. 4(a) shows a representative image of the
molecular assembly with molecular bridging across the cathode-se-
parator interface, while Fig. 4(b) shows representative images of
equilibrated bridging molecules near the interface for 10, 20 and 30
molecule case for APTES. Within the orthogonal slab constructed for
simulation, the end edges of size 0.7 nm are fixed and excluded from all
calculations, which leads to a quasi-2D periodic system. Further, 1 nm
bins on the left and right ends are set to be hot and cold reservoir
maintained at 350 K and 250 K, respectively, using temperature re-
scaling algorithm resulting in one dimensional heat flow.

In theory, the temperature gradient across the model system should
be kept as minimal as possible to reduce the non-linearity in heat
transport. However, in MD simulations, especially for interface thermal
simulations, such a gradient is necessary due to few reasons: a) the error
in instantaneous temperature within a bin is proportional to -1, (N is
number of atoms in the bin), which, for generic NEMD bin sizes is of the
order of ~5-10K. In this case, the larger temperature difference would
increase signal (temperature gradient) to noise (error in temperature)
ratio; b) for interface thermal conductance simulations, it is necessary
to have noticeable temperature difference at the interface between two
heterogeneous media for accurate prediction. For systems that are not
very conductive (such as epoxy) or having large interface resistance,
this will entail large temperature difference at the boundaries; and c)
while, in principle one could reduce the temperature at the boundaries
significantly, such reduction will also reduce the cumulative heat flux,
which will increase the error in calculation of heat flux (due to larger
instantaneous fluctuations reducing signal to noise ratio). It should be
noted that such order of temperature difference (~100 K) has often
been reported previously in context of interface thermal conductance
simulations [34,49].

As heat flows from left to right, energy is continuously added to and
removed from the hot and cold reservoirs respectively to maintain their
respective temperatures. Micro-canonical (NVE) ensemble is used in the
non-fixed region of the simulation space in order to conserve the energy
of the total system and eventually establish a steady state thermal
gradient between the two reservoirs. The simulation space is divided
into a number of 2 A segments along the heat flux direction.
Temperature of each segment is estimated by equating the total kinetic
energy of each segment with average energy based on the Boltzmann
number as follows:

1., 3
FEm = Skl o)

where m;, v;and T; are the mass, velocity and temperature of the atoms
in the i® segment, respectively, and, k; is the Boltzmann constant.

LiCoO,
L AT TR R A T o 5
"R:\'O'I'x“:\\,-:'x:‘c*'
,;g'\:-k:_\.:.*:\.v:.}:
Lo X oK 00X, o R X
Y X L' C 532" X ¢80
'x:“'::"x':"-"(‘x:\-:'
X XK T X BN (KR
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Surfaces and Interfaces 21 (2020) 100674

A linear temperature distribution is expected in each material in the
simulation space once steady-state is established. In addition, an abrupt
temperature drop AT is expected at the interface due to heterogeneity of
the molecular system. Here, the interfacial thermal conductance can be
calculated using

4= Qe
T AAT (2

where A, Q/At, and A are thermal conductance, heat flow per unit time
at the interface, and lateral cross-sectional area, respectively. Q/At is
calculated by taking the average absolute slope of cumulative energy
added and subtracted to maintain the hot and cold reservoir tempera-
tures. Each simulation is carried out for 5 ns to achieve steady state, at
which point, the temperature distribution is determined in order to
calculate heat flux, and the interfacial thermal conductance.

3. Results and discussion

We start our discussion with results from NEMD simulations for the
baseline configuration with no bridging molecules (please refer to Fig. 3
for schematic representation). In this regard, Fig. 5 plots the partial
cumulative energy profile added to and subtracted from the cold and
hot thermostats, respectively, over the simulation period for baseline
configuration. Once thermal fluctuations in the system are minimized
and average slopes of both cumulative energies reach similar values,
indicating steady-state. Temperature distribution in the system is cal-
culated as described in Section 2, and is plotted in Fig. 6.

As expected, Fig. 6 shows lower temperature gradient on the
cathode side than separator side, due to the relatively higher thermal
conductivity of LiCoO,. Past measurements have shown that cathode
thermal conductivity is expected to be around 3-5 Wm™'K~! [33],
compared to 0.5 Wm ™~ 'K~ ! for the separator [50]. Fig. 5 also shows a
significant temperature drop at the interface, which is associated with
thermal resistance at the interface between cathode and the separator.
Based on the observed temperature drop (17.7 K), heat flow (2.61
kealmol “'ps™1) and lateral surface area (823.51 A?), the interfacial
thermal conductance is estimated to be 125 + 13 MWm 2K ™! (inter-
face thermal resistance of 0.008 m?K(MW) ™). In the rest of the paper,
these results are taken as the baseline for comparison with cases where
alkylsilane bridging molecules are present across the interface. The
reported values are in agreement (similar order of magnitude) with
other MD studies reported for thermal transport across heterogeneous
interfaces [19,21-24,39,44]. It should be noted that MD reported values
of interfacial thermal conductance are often notably higher than ex-
perimental measurements, partly due to the ideal conditions of inter-
faces being modeled in MD simulations (flat interfaces, no pits, etc.) In
addition, it should also be noted that while the absolute values of
predicted quantities depend significantly on force-fields used, often,
observed trends in such quantities provide key insights about the re-
sponsible molecular phenomena, such as how different molecular in-
teractions, molecular topology (orientation, alignment, etc.), crystal-
linity or amorphousness of the two media, surface roughness, etc. affect

o)
A4
L
[}

WG W el

E;

Fig. 3. Molecular structure for simulation of the baseline case for LiCoO,-polyethylene interface without a bridging molecular layer. Hot reservoir (red rectangle on
left) and cold reservoir (blue rectangle on right) maintained at 350K and 250K respectively are shown.
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Fig. 5. Absolute cumulative energies added to and removed from hot and cold
thermostats, respectively, as a function of simulation time.
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Fig. 6. Computed temperature distribution in the cathode and separator for the
baseline case across the modeled slab.

interfacial thermal transport.
Next, simulations are carried out to investigate the impact of

Amorphous Polyethylene
'ﬂ
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Fig. 4. (a) Molecular structure for si-
mulation of a case with a bridging
molecular layer (30 APTES molecules)
at the LiCoO,-polyethylene interface.
Hot reservoir (red rectangle on left)
and cold reservoir (blue rectangle on
right) maintained at 350K and 250K
respectively are shown. (b) Schematics
of the cathode-APTES interface for si-
mulations with 10, 20 and 30 mole-
cules. Interface with amorphous poly-
ethylene has been excluded for better
clarity.

[AL) "l!u-no'n

HHXHKKKHK K X

presence of three different alkylsilane molecules ~APTES, MPTMS and
nBTMS- between the cathode and separator (please refer to Fig. 4 for
schematic representation). The number of molecules available at the
interface is varied in order to evaluate the effect of incorporating dif-
ferent thicknesses of the molecules on interfacial thermal resistance.
The silane functional site on one end of each of these molecules is ex-
pected to exhibit affinity towards metal oxides such as LiCoO,, resulting
in strong bonding on the cathode side. The functional group on the
other end of these molecules is an amine group [-NH;] for APTES, thiol
[-SH] group for MPTMS and methyl [-CH3] group for nBTMS, which
likely interact with the amorphous polyethylene with varying degrees
of affinity.

Surface functionalization with APTES molecules has been shown in
past experiments [13] to result in 3X improvement in interfacial
thermal resistance between cathode and separator. In order to in-
vestigate this through simulations, cases with 10, 20 and 30 APTES
molecules between the cathode and separator are computed first. Si-
mulation results are summarized in Fig. 7. Fig. 7 shows that while the
baseline interfacial thermal conductance is around 125 MW,/m?K, there
is significant improvement when the interface is bridged by APTES
molecules. With 10, 20 and 30 molecules, the improvement in inter-
facial thermal conductance is around 176%, 84% and 250%, respec-
tively. Fig. 7 also shows error estimates of the computed thermal con-
tact conductance. The large error estimate for 10 and 30 APTES
molecule cases is primarily attributed to lower temperature difference
(higher interface thermal conductance) and noisier temperature (in
relation to other cases) profile near at the interface.

The general improvement in interfacial thermal conductance due to
the presence of APTES molecules is consistent with past experiments on
the same material system [13], and may be explained on the basis of
APTES end group affinities towards LiCoO, and amorphous poly-
ethylene. While amine groups are well attracted towards the organic
polyethylene, the silane group on the other end of APTES may facilitate
stronger bonding with LiCoO, compared to the baseline case with only
weak van der Waals bonding. It should also be noted that we do not see
a monotonically increasing trend in interface thermal conductance, as
expected. The possible origin of such non-monotonicity is summarized
later in this paper after discussing interface thermal conductance results
of all molecules.

Similar simulations are carried out for MPTMS molecule, which has
a thiol group at one end instead of silane, as shown in Fig. 1(b). Si-
mulation results are shown in Fig. 8. Compared to the APTES molecule,
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Fig. 7. Comparison of computed interfacial thermal conductance for 10, 20 and
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Fig. 8. Comparison of computed interfacial thermal conductance for 10, 20 and
30 MPTMS molecules with the baseline case without molecular bridging.
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Fig. 9. Comparison of computed interfacial thermal conductance for 10, 20 and
30 nBTMS molecules with the baseline case without molecular bridging.

the extent of improvement in interfacial thermal conductance is sig-
nificantly lower for MPTMS - 10%, 59% and 11% for 10, 20 and 30
molecules, respectively. This shows that the specific end-group being
attached to the separator side of the interface plays a key role in de-
termining the effectiveness of molecular bridging, with the amine group
in APTES appearing to perform better than the thiol group in MPTMS.
Similar to APTES, we also see a non-monotonic behaviour, although for
30 molecule case (rather than 20 molecule case as in APTES).
Simulations are also carried out for molecular bridging with nBTMS
that has a methyl end-group, as shown in Fig. 1(c). These results,
summarized in Fig. 9, show that there is no significant improvement in
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interfacial thermal conductance in this case. With 10 molecules of
nBTMS, interfacial thermal conductance actually reduces slightly
compared to the baseline, whereas the improvement with 20 and 30
molecules is relatively minor.

Figs. 7-9 clearly show the importance of careful selection of brid-
ging molecules for improving interfacial thermal conductance. In gen-
eral, it can be deduced that good interfacial bonding between the
bridging molecule and cathode/separator can result in improved
thermal transport compared to the baseline case with only weak van der
Waals bonding directly between the cathode and separator. Results
indicate better performance of APTES compared to MPTMS and nBTMS.
It is also noted in all simulations that thermal conductance does not
show a monotonically increase trend in any of the studied cases. The
non-monotonicity is observed at different molecular thicknesses (dif-
ferent number of molecules) of each of the case, i.e., 20 silane mole-
cules for APTES, 30 silane molecules for MPTMS, and 10 silane mole-
cules for nBTMS. We hypothesize that these differences in the
observation of non-monotonicity could be associated with insufficient
molecular relaxations (diffused interface between small molecules and
the polymer with varying degree of free volume within the diffused
region) in different simulations. If it were to happen due to a physical
phenomenon (for example, insufficient silane molecules on the surface)
associated with thermal transport, we would have expected the non-
monotonicity to occur at certain concentrations (number of molecules)
of silanes. The reasoning as pertains to the former hypothesis (in-
sufficient molecular relaxation) is discussed below.

In each of the studies discussed here, equilibration is performed
prior to thermal transport simulations for a constant amount of time
with the assumption that it will lead to best-possible interface between
the molecules and polymer chains. Given the vastness of conforma-
tional space of these molecules, as well as long conformational re-
laxation times of the polymer, realistically, only a tiny fraction of this
conformational space can be explored using MD simulations. Here, the
equilibration often results in a local minima in vast polymeric con-
formational space, the spatial configuration of which may have some
implications on investigated properties. A visual inspection of the in-
terface region between the molecules and polymer chain did show
varying degree of free volume, even after equilibrating for extended
periods of time. This varying degree by which polymer chains are re-
laxing at the interface region may be partly responsible for the observed
non-monotonicity.

In order to validate our hypothesis, we perform additional simula-
tions on some of the cases to see if applying external pressure while
equilibrium lead to better thermal transport across the region. In this
context, simulations for nBTMS are repeated, where we apply an ex-
ternal pressure of 100 atm. during equilibration of additional 5 ns,
followed by equilibration to minimize the free volume at the interface,
before final equilibration at 1 atm pressure for another 5 ns, prior to
thermal transport simulations. After final equilibration, a reduction of
around 4 A in the total length of the simulation box is observed, which
suggests better packing of the chains and molecules at the interface
region. A case of representative differences in the free volume prior and
after the 100 atm. equilibration simulations are visually depicted in
Supplementary Information [51] as obtained within the framework of
OVITO software [52]. The results are summarized in Fig. 10, showing
significant improvement of 128% and 105% improvement with 20 and
30 nBTMS molecules, respectively, with respect to cases when no ad-
ditional external pressure is applied.

4. Conclusions

Thermal transport in Li-ion cell materials is an important phenom-
enon to study since Li-ion cells overheat very easily, leading to im-
portant safety and performance in many practical engineering systems.
It is important to identify and address the fundamental root cause of
poor thermal conduction within the cell. MD simulations can be an
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Fig. 10. Impact of external pressure on interfacial thermal conductance im-
provement for nBTMS molecules. Values of interfacial thermal conductance
from Fig. (9) (blue) for 20 and 30 nBTMS molecules are used as a baseline to
calculate percentage increase.

important tool for such investigation, since simulation results may help
identify promising molecules for interfacial bridging that can then be
investigated through experiments. Results from this work indicate up to
250% improvement in interfacial thermal conductance with the use of
APTES as the bridging molecule. The simulations described in this
paper help develop MD simulation capabilities for Li-ion cell related
materials, for which validated force-fields were not previously avail-
able. Further, the results on the impact of molecular bridging confirm
experimental observations reported in the past, thereby helping address
an important thermal transport challenge in Li-ion cells.

It must be noted that candidate molecules for interfacial bridging
must be compatible with other electrochemical materials inside the Li-
ion cell and must not adversely affect cell operation, lifetime and safety.
A limited amount of experimental data indicates that molecular brid-
ging with APTES does not adversely affect cell performance [13], but
clearly, much more experimental characterization is needed. Further,
the long-term stability of molecular bridging with the molecules studied
here must be established through measurements. It is expected that MD-
based investigations such as the work presented here may help in this
direction.

Supporting Information

Visualization of free volume within the simulation cell before and
after the 100 atm simulations.
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