International Journal of Heat and Mass Transfer 183 (2022) 122188

International Journal of Heat and Mass Transfer

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/hmt

Enhanced thermal transport across the interface between charged n
graphene and poly(ethylene oxide) by non-covalent functionalization

Siyu Tian®!, Dezhao Huang®!, Zhihao XuP, Shiwen Wu?, Tengfei Luo®*, Guoping Xiong®*

2 Department of Mechanical Engineering, The University of Texas at Dallas, 800W Campbell Rd, Richardson, TX 75080, United States
b Aerospace and Mechanical Engineering, University of Notre Dame, Notre Dame, Indiana 46556, United States

ARTICLE INFO

Article history:

Received 16 August 2021

Revised 26 October 2021

Accepted 27 October 2021
Available online 16 November 2021

Keywords:

Lithium-ion batteries
Interfacial thermal conductance
Graphene

Poly(ethylene oxide)

Tonic liquids

Non-covalent functionalization

ABSTRACT

Interfacial thermal transport between electrodes and polymer electrolytes can play a crucial role in the
thermal management of solid-state lithium-ion batteries (SLIBs). Modifying the electrode surface with
functional molecules can effectively increase the interfacial thermal conductance (ITC) between electrodes
and polymers (e.g., electrolytes, separators); however, how they influence the interfacial thermal trans-
port in SLIBs during charge/discharge remains unknown. In this work, we conduct molecular dynamics
(MD) simulations to investigate the ITC between charged graphene electrodes and solid-state polymer
electrolytes (SPEs) mixed with ionic liquids (ILs). We find that ILs could self assemble at the graphene
electrode surface and act as non-covalent functional molecules that could significantly enhance the in-
terfacial thermal transport during charge/discharge because of the formation of a densely packed cationic
or anionic layer at the interface. While the electrostatic interactions between the charged graphene elec-
trode and the IL ions are responsible for forming these dense interfacial layers, the enhancement of ITC
is mainly contributed by the increased Lennard-Jones (L]) interactions between the charged graphene
electrodes and ILs. This work may provide valuable insights into the understanding of interfacial thermal

transport between electrodes and electrolytes of SLIBs during charge/discharge.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Solid-state lithium-ion batteries (SLIBs) with high energy den-
sity, power density, and reliability are desired in many applica-
tions such as electric vehicles and portable electronics. Recent de-
velopment in new nanomaterials has significantly improved the
electrochemical performance of SLIBs [1]. However, these high-
performance SLIBs inevitably generate a large amount of heat dur-
ing charge/discharge, particularly at high rates, within a limited
cell space and still suffer from inefficient heat dissipation because
of their relatively low cell thermal conductivity (0.2 - 0.6 W m~!
K1) [2,3]. Without efficient thermal management, the generated
heat in SLIBs can result in many issues, including considerable
temperature rise (i.e., overheating), performance degradation, and
even catastrophic failure (e.g., thermal runaway) of the batteries
[4]. Compared with external thermal management strategies such
as using passive cooling systems, enhancing thermal transport such
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as that at the interfaces between electrodes and solid-state poly-
mer electrolytes (SPEs) within batteries can contribute to address-
ing these issues.

Understanding fundamental physics is vital to achieving ef-
ficient thermal transport of SLIBs. A SLIB contains current col-
lectors, cathode, anode, and SPEs mixed with lithium salts. To
date, molecular dynamics (MD) simulations have been widely per-
formed to study thermal transport issues in batteries. These stud-
ies mainly focus on predicting and understanding the thermal con-
ductivity changes of electrode materials during charge/discharge
cycles, including graphite [5] and lithium cobalt oxide [6]. Wei
et al. also performed MD simulations to investigate the interfacial
thermal transport between graphite and current collectors (e.g.,
Cu, Al) [7,8]. However, previous studies have shown that the ther-
mal resistance of SLIBs is mainly contributed by the low-thermal-
conductivity SPEs [9] and the electrode/polymer interfaces [10,11].
Therefore, investigating the interfacial thermal transport between
electrodes and polymers (e.g., separators and SPEs) is important.

At the interfaces, high thermal resistances exist because of the
significant phonon scattering, which can be attributed to the lat-
tice vibration mismatch between electrode materials and polymers
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[12]. In general, the interfacial thermal transport could be en-
hanced by bridging phonon mismatch [13,14] and strengthening
interfacial interactions [15,16]. As such, various approaches have
been adopted to enhance the interfacial thermal transport be-
tween electrode/polymer interfaces. For instance, He et al. evalu-
ated the interfacial thermal transport between poly(ethylene) ox-
ide (PEO) and cathode by conducting molecular dynamics (MD)
simulations [17]. They found that the interfacial thermal conduc-
tance (ITC) was greatly enhanced by ~200% when functionaliz-
ing the cathode surface with a layer of poly(acrylic acid) (PAA).
Further calculations showed that the enhancement of ITC mainly
originated from the formation of strong hydrogen bonds between
PAA and PEO molecules. Dhakane et al. studied the interfacial ther-
mal transport between polyethylene (PE) and cathode [18]. The
ITC was increased by 250% when functionalizing the electrode
surface with 3-Aminopropyl triethoxysilane, which correlated well
with their experimental results [10]. Although the enhancement of
ITC between the electrodes and polymers using these functional
molecules is encouraging, their impact on electrochemical perfor-
mance (e.g., ionic conductivity and stability) of SLIBs must be fur-
ther testified. Indeed, the addition of PAA resulted in significant
Coulombic and capacity losses of LIBs because of the parasitic elec-
trochemical reactions of PAA molecules, as shown in previous ex-
perimental studies [19]. Consequently, finding functional molecules
that are compatible with electrode materials and SPEs to enhance
interfacial thermal transport is important to balance the electro-
chemical and thermal performance of SLIBs.

In contrast to the foregoing functional molecules, ionic liquids
(ILs) consisting of self-dissociable cation-anion pairs are thermally
and electrochemically stable. Previous studies have shown that
ILs can effectively increase the ionic conductivity of SPEs owing
to their plasticization effect [20]. Moreover, experimental reports
have shown that imidazolium ILs as non-covalent functionalization
molecules can enhance the interfacial thermal transport between
graphene and polymers [21]. However, the mechanisms of such IL-
induced enhancement of thermal transport in graphene/polymer
composites remain unknown. Furthermore, electric charges accu-
mulate on the electrode surface during charge/discharge processes
of SLIBs, resulting in strong Coulombic interactions between elec-
trodes and ILs, which may lead to different interfacial thermal
transport mechanisms. Understanding the influence of ILs on the
interfacial thermal transport between charged electrodes and SPEs
is thus intriguing and beneficial to the development of safe, high-
performance SLIBs. To date, the effect of electrode charge state on
the ITC of SLIBs has not ever been reported in prior work, and the
fundamental mechanisms warrant a systematic study.

Here, we conduct systematic MD simulations to investigate
the influence of imidazolium ILs on interfacial thermal transport
between charged graphene electrodes and amorphous PEO elec-
trolytes during charge/discharge of SLIBs. Because of the high
dielectric constant of polymers and phonon-dominated thermal
transport in graphene at room temperature, we primarily focus
on the interfacial thermal transport contributed by phonons in
the calculations [22,23]. The results indicate that ITC increases as
the density of charge on graphene surface increases. Furthermore,
ITC values are higher when graphene surface is negatively charged
than when it is positively charged with the same charge density.
By analyzing the vibrational spectra of interfacial species, we find
that imidazolium cations exhibit a better coupling effect between
graphene and PEO, which agrees well with the ITC results. The
Coulombic interaction between the charged graphene and IL ions
plays a key role in attracting the IL molecules to the interface. In-
terestingly, the decomposition of thermal conductance shows that
the Lennard-Jones (LJ) interactions between charged electrodes and
IL ions are the main contributor to ITC. This study can potentially
provide new insights to design high-performance SPEs with im-
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Fig. 1. (a) Simulation setup of the baseline case showing the interface structure be-
tween graphene (0 C m2) and IL-PEO. ITC is calculated via NEMD: heat source (red)
and heat sink (blue) are maintained at 350 K and 250 K using Langevin thermostat,
respectively. The two boundaries (black) in the z-direction are fixed by 3 A and ex-
cluded from all calculations. Two 5 A-thick vacuum layers (areas with black dashed
lines) next to these two fixed layers are added to prevent heat leakage. The atoms
in [EMIM][BF4], PEO, and graphene with different colors are presented on the right
side. (b) The temperature profile of the simulation system with a graphene charge
density of 0 C m™, showing the interfacial temperature difference (AT).

proved thermal transport properties for practical energy storage
applications.

2. Simulation methods

The simulation system consists of 30 P(EO)sq chains and
120 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF,4])
molecules at each side of the single-layer graphene (Fig. 1a). The
in-plane size of graphene is ~ 43 x 45 A2 (720 carbon atoms) with
charge densities ranging from —0.594 to 0.594 C m™. The graphene
electrode is treated as a conductor with constant electrostatic po-
tentials following the methodology described in Refs. [24,25]. A
constant charge is assigned to each carbon atom in graphene lat-
tice to achieve desired charge densities and electrostatic potentials.
To keep the electric neutrality of the simulated system, we change
the number of anions and cations of [EMIM][BF,4] according to the
assigned graphene charges, which are summarized in Table 1. To
evaluate the influence of lithium salts, we calculate the ITC in two
negatively charged graphene/IL-PEO systems (e.g., —0.297 C m™
and —0.594 C m™2) in the presence of lithium tetrafluoroborate
(LiBF4) with a Li/EO ratio of 1:20 (graphene/IL-LiBF4-PEO).

The Tersoff potential is employed to describe the interactions
between the carbon atoms in graphene. The all-atom optimized
potentials for liquid simulation (OPLS-AA) force field is used to
model the PEO matrix. All the parameters of [EMIM][BF4] and
LiBF, are adapted from the revised OPLS-2009IL force field [26,27].
Considering that the maximum distance constant (o) value of all
atoms is ~3.8 A in our simulations, we use a cutoff distance of
10 A for all non-bonding interactions according to the criterion
(e.g., 2.50) described in Ref. [28]. Non-bonding interactions in-
cluding van der Waals and electrostatic forces are evaluated in-
termolecularly. All the 12-6 L] parameters for intermolecular inter-
actions (e.g., PEO-Graphene, IL-Graphene, PEO-IL, PEO-PEO, IL-IL)
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Table 1
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Nominal charge of graphene sheet, real charge per graphene carbon atom, graphene charge density, and number of

ions used in the simulations.

Nominal charge of graphene (e)  Real charge (e/carbon)  Charge density (C m2)  Cation (#)  Anion (#)
-72 -0.1 -0.594 240 168
-60 —0.08333 —-0.495 240 180
—48 —-0.06667 -0.396 240 192
-36 -0.05 -0.297 240 204
-24 —0.03333 -0.198 240 216
-12 —0.01667 —-0.099 240 228
0 0 0 240 240
12 0.01667 0.099 228 240
24 0.03333 0.198 216 240
36 0.05 0.297 204 240
48 0.06667 0.396 192 240
60 0.08333 0.495 180 240
72 0.1 0.594 168 240

are calculated by Lorentz-Berthelot mixing rules (&;; = sqrt(e;e;);
0j = (0;+0})/2, where ¢ and o are the energy and distance con-
stants, respectively). The long-range Coulombic interaction is eval-
uated by the particle-particle-particle-mesh (PPPM) algorithm with
an accuracy of 1 x 10=4 [29]. A time step of 0.25 fs is used for all
simulations because of the light-weight hydrogen atoms [30]. We
calculate the ITC between the charged electrodes and SPEs by sim-
plifying the interfaces to reveal the fundamental thermal transport
mechanisms in SLIBs following the methodology reported in previ-
ous studies [17,18].

All  simulations are conducted wusing the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [31].
The interfacial thermal transport between the graphene and
PEO matrix in the presence of ILs is evaluated using the non-
equilibrium molecular dynamics (NEMD) simulation at 300 K and
1 atm. The simulation system is first relaxed in the isothermal-
isobaric ensemble (NPT) at 300 K for 1 ns, followed by annealing
from 300 to 600 K in the NPT with a heating rate of 50 K/ns. The
annealed system is further equilibrated at 600 K for 12 ns until
the chain conformation (e.g., radius of gyration - Rg) of PEO and
density profile of IL converge. Finally, the system is quenched to
300 K and equilibrated for 2 ns in the NPT ensemble to converge
the density. A final 2 ns of relaxation in the canonical ensemble
(NVT) at 300 K is performed before the 4 ns of microcanonical
ensemble (NVE) NEMD production simulation. In the NEMD simu-
lation, the heat source and heat sink are maintained at 350 K and
250 K using Langevin thermostat, respectively. A relatively large
temperature difference (100 K) between the two thermostats is
used to improve the accuracy of the ITC values. We note that we
have tested smaller temperature differences of 80 K and 60 K, but
the calculated ITC values are within the error bar of the 100 K
case. The two boundaries in the z-direction are stabilized by two
3 A-thick fixed layers, which are excluded from all calculations.
Two 5 A-thick vacuum layers next to these two fixed layers are
added to prevent possible heat leakage because of the imaging
effects induced by periodic boundary conditions [32]. The ITC
with standard deviations is calculated using the last 2 ns of the
production period. The same simulation procedure is applied to
other systems with different graphene charge densities ranging
from —0.594 to 0.594 C m™2. Fig. 1a shows the representative
simulation structure of graphene (0 C m™2) and IL-PEO mixture at
equilibrium state as the baseline case. The corresponding steady-
state temperature profile of the simulation system is shown in
Fig. 1b. The energy tallies recorded on the two thermostats are
presented in Figure S3. At the steady-state of NEMD simulation,
the ITC is calculated using G = q/AT, where G is the ITC, q is
the heat flux, and AT is the temperature drop across the two
graphene/IL-PEO interfaces.

3. Results and discussion
3.1. Force field validation

The equilibrium of molecular structures of graphene/IL-PEO sys-
tem is verified by the converged Ry of PEO chains (Figure S1) and
density profile of IL (Figure S2) during the equilibrium process
(600 K for 12 ns in the NPT ensemble). The equilibrated Rg values
of PEO chains are comparable to the results reported in the previ-
ous study [33]. Thermal conductivities of PEO and IL-PEO mixture
are calculated using the same procedure described above to vali-
date MD calculations. First, the density and thermal conductivity
of [EMIM][BF,] are calculated to be 1.21 g cm™3 and 0.23 W m'!
K1, respectively, close to the corresponding experimental values of
1.28 g cm~3 and 0.2 W m! K1 [26,27]. The mass density of amor-
phous PEO at equilibrium (300 K, 1 atm) is calculated to be 1.08 g
cm~3. The thermal conductivity of PEO is found to be 0.28 W m™!
K. Both are in good agreement with experimental results, with
corresponding values of ~1.11 g cm~3 and 0.2 to 0.37 W m! K!
[9,34]. The calculated ITCs of graphene/PEO and graphene/IL-PEO
are 61 + 2 MW m?2 K! and 62 + 5 MW m2 K, respectively.
Although no data are reported for graphene/PEO and graphene/IL-
PEO interfaces, the ITC values calculated in this work are compara-
ble with those of the graphene/polymer interfaces [30,35].

3.2. Charge-dependent ITC

During cyclic charge/discharge processes, the graphene elec-
trode becomes either negatively or positively charged. Ions in the
IL (i.e., [EMIM][BF4]) will diffuse towards the charged electrode
surface and form a compact interfacial layer because of the strong
Coulombic interactions between the electrode and ions. To sim-
ulate the relevant charge/discharge states, we vary the surface
charge densities of the graphene electrode to evaluate their im-
pact on the interfacial thermal transport between the electrode
and polymer electrolyte. Fig. 2 shows the calculated ITC of the
graphene/IL-PEO system with different graphene surface charge
densities ranging from —0.594 to 0.594 C m2. The results show
that both positive and negative charges on the graphene electrode
surface can enhance the ITC. When the graphene charge density
varies from 0 to —0.594 C m™2, the ITC increases from 62 + 5
MW m=2 K to 277 + 55 MW m™2 K (447%). Similarly, when the
graphene charge density varies from 0 to 0.594 C m2, the ITC in-
creases from 62 + 5 MW m2 K! to 180 + 26 MW m™2 K (290%).
For comparison, ITC values of the graphene/PEO system without
the IL are calculated to be 159 + 17 MW m2 K! and 156 + 10 MW
mZ K! when the graphene charge density is —0.594 C m? and
0.594 C m2, respectively. Furthermore, the ITC values correspond-
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Fig. 2. Calculated ITC values as a function of the graphene charge density. The red
and blue dashed lines represent the highest and lowest ITC values of graphene/IL-
PEO with a charge density of —0.594 C m and 0 C m, respectively.

ing to the negatively charged graphene (e.g., 277 + 55 MW m™
K1 at —0.594 C m2) are noticeably higher than those correspond-
ing to the positively charged graphene at the same charge density
(e.g., 180 £ 26 MW m=2 K at 0.594 C m2). These results indi-
cate that the interfacial polymer-IL-electrode structure is signifi-
cantly affected by the electric charges on the electrode surface dur-
ing charge/discharge processes, illustrating the importance of ILs in
promoting efficient thermal transport across the graphene/polymer
interface. Moreover, the ITC values of the graphene/IL-LiBF4-PEO
system with charge densities of —0.297 C m* and —0.594 C m
are calculated to be 109 + 20 MW m2 K'! and 269 + 94 MW m™
K1, respectively, close to those of the graphene/IL-PEO system with
the same charge densities (e.g., 133 + 33 MW m2 K! at —0.297 C
m2 and 277 + 55 MW m2 K1 at —0.594 C m2). Detailed analy-
ses of the interfacial structures of negatively charged graphene/IL-
LiBF4-PEO systems are given in the supplementary material (Figure
S4). Therefore, we perform the calculations without adding lithium
salts to reduce the simulation cost and complexity. The presented
simulation results and mechanisms for ITC enhancement during
charge/discharge should be generally applicable to batteries based
on lithium salt-containing solid-state polymer electrolytes.

To understand the mechanisms of charge-dependent enhance-
ment of ITC, atomic structures and interfacial structures of the
graphene/IL-PEO system at different charge densities are inves-
tigated. The IL is evenly distributed in the PEO matrix when
graphene is uncharged and can barely be observed at the
graphene/IL-PEO interface (Fig. 3a). When the graphene surface un-
dergoes charge and discharge, the counterions from the IL diffuse
toward the charged graphene surface. Consequently, an intermedi-
ated and densely-packed EMIM™* (Fig. 3b) or BF4~ layer (Fig. 3c) is
formed at the interface because of the strong Coulombic interac-
tion between the ions in the IL and the charged graphene, a phe-
nomenon similar to the formation of an electric double layer of ILs
in solid-liquid systems [36,37]. To quantitively evaluate the inter-
facial structures, the density of the IL and radial distribution func-
tion (RDF, defined as g(r)) of the IL with respect to the graphene
carbon atoms are calculated (Figure S5). The first peak densities of
the EMIM* and BF4~ ions near the graphene surface are summa-
rized in Fig. 3d. The peak density of cations increases from 0.22 to
1.76 g cm—3 when the charge density changes from 0 to —0.594 C
m2. As shown in Fig. 3d, the interfacial species is dominated by
EMIM+ with a graphene surface charge density of —0.594 C m™.
On the other hand, when the charge density changes from 0 to
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0.594 C m2, the peak density of anions near the graphene sur-
face increases from 0.18 g cm~3 to 1.85 g cm~3 (Fig. 3d). Simi-
larly, most of the ions near the positively charged graphene sur-
face (0.594 C m2) are BF,~ (Fig. 3d). The location of the first peak
of g(r) is summarized in Fig. 3e. Although more IL ions are accu-
mulated at the interface with increased graphene charge densities,
the distance between carbon atoms in graphene and ions in the
IL remains relatively stable. For instance, the C-N (corresponding
to negatively charged graphene) and C-B (corresponding to posi-
tively charged graphene) distances are calculated to be ~4.7 A and
~4.3 A, respectively. These findings suggest that the long-range
Coulombic interaction due to charged graphene will draw more
IL ions to the surface, but the equilibrium intermolecular distance
is not altered, which should be dominated by the stronger but
shorter range L] interaction. The similar trends of the interfacial
structures of graphene/IL-PEO and ITC values at different charge
states suggest that the intermediated IL layer and its density are
key to the enhanced thermal conductance across the graphene/IL-
PEO interface. Although both EMIM* and BF;~ have similar pack
densities at the interface (Fig. 3d) and comparable intermolecular
distances with respect to graphene surface (Fig. 3e), EMIM* per-
forms better than BF,~ in enhancing the interfacial thermal trans-
port between graphene and PEO, which may be attributed to their
phonon spectral features as discussed in the next section.

3.3. Vibrational density of states (VDOS)

The existence of interface could introduce strong phonon scat-
tering between two materials, resulting in high interfacial ther-
mal resistance [38]. To further understand the mechanisms of
the enhanced ITC between charged graphene and IL-PEO, we per-
formed vibrational spectra analysis to evaluate the vibrational cou-
pling across the interface. In the graphene/IL-PEO system, partic-
ular attention is directed to understand the role of IL ions that
dominate the interfacial structures when the graphene surface
is charged. The VDOS is calculated by performing Fourier trans-
form (FT) of the velocity autocorrelation function (VACF) of atoms
through Eq. (1) [39]:

D(w) = /OI I'(t) cos (wt)dt (1)

where w is frequency, D(w) is the vibration power spectrum at
frequency w, and I'(t) is the atomic VACF defined by Eq. (2):

I'(®) = (v(t)v(0)) (2)

where v(0) and v(t) are the velocities of the atoms at time 0 and
t, respectively.

Currently, diffusion mismatch model (DMM) is widely accepted
for understanding the phonon transport across the interfaces at
room temperature [40]. According to DMM theory, the large over-
lap of phonon DOS between two materials could result in high
phonon transmission across the interface, which in turn leads to
high interfacial thermal conductance [41]. Particularly for graphene
phonons with lower vibrational frequencies, they could more effec-
tively transmit to the substrate, thus contribute to interfacial ther-
mal conductance [41,42]. Fig. 4 shows the calculated VDOS of each
component in the graphene/IL-PEO system with a graphene charge
density of —0.594 C m2. The VDOS of the IL is decomposed to
the spectra of EMIM™ and BF4~. The spectra of graphene agrees
well with the results reported in prior work using the Tersoff po-
tential [43,44]. The VDOS of PEO shows several major peaks at 5
THz, 30 THz, 42 THz, and 90 THz, which are in good agreement
with the results reported by Meng et al. [33]. We observe that
the EMIM™* vibrational energy is more evenly distributed across a
large frequency range from ~5 to 50 THz, while that of the BF4~
are more localized surrounding the above-mentioned few peaks.
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Fig. 3. Atomic structure of the graphene/IL-PEO system with different charge densities for (a) uncharged graphene (0 C m2), (b) negatively charged graphene (—0.594 C
m2), and (c) positively charged graphene (0.594 C m), showing the accumulation of cations (EMIM*) and anions (BF,~) at negatively and positively charged graphene
surfaces, respectively. (d) The first peak densities of EMIM*, BF,~, and IL near the graphene surfaces with various charge densities. (e) The locations of the first RDF peak
of graphene carbon atoms with respect to the nitrogen atoms in EMIM* (C-N) and boron atoms in BF,~ (C-B) corresponding to negatively and positively charged graphene,
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The overlap of VDOS between different interfacial species is known
to be indicative of the thermal transport across solid/solid and
solid/liquid interfaces due to elastic channels [45,46]. By compar-
ing the VDOS of the interfacial species, we find that BF;~ an-
ions apparently exhibit less overlap (indicated by the green area)
with graphene and PEO. Meanwhile, the VDOS of EMIM™ has more
significant overlap with other interfacial species, especially in the
low- and middle-frequency ranges, in which most heat transfer oc-
curs. Consequently, high thermal conductance is obtained at the
interface when graphene is negatively charged, which agrees well

with the ITC values in Fig. 2 and is consistent with prior results
[36]. It is worth noting that when EMIM™ forms a layer at the in-
terface, it can work as an effective “vibrational bridge” that bridges
the vibrational mismatch between graphene and PEO and thus en-
hance the effective ITC [14,47]. BF4~can play a similar role when
form an interfacial layer, but it is less effective than EMIM*due to
its comparatively less vibrational spectral overlap with graphene
and PEO.

3.4. Decomposition of ITC

In the graphene/IL-PEO system, the thermal energy transport
across the interface is achieved through graphene-IL and graphene-
PEO interactions. At different graphene charge densities, the con-
tributions of graphene-IL and graphene-PEO interactions are ex-
pected to vary because the interfacial structure changes during
charge/discharge processes. To further reveal the underlying mech-
anism, we quantify the contributions of graphene-IL and graphene-
PEO interactions to ITC according to our prior work [15]. The equa-
tion for interfacial heat flux decomposition used in this work is
derived from previous studies [48,49]. As shown in Fig. 5a, we
decompose the total ITC into contributions from graphene-IL and
graphene-PEO interactions. The results show that the interfacial
thermal energy is solely attributed to graphene-PEO interaction
when the graphene is not charged. However, the thermal energy
transferred through graphene-IL interaction significantly increases
and dominates the interfacial heat transfer when the graphene
electrode is in a charged state. We further decompose the heat
flow and thus ITC into the L] and Coulombic contributions (Fig. 5b)
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Fig. 5. Decomposition of ITC into contributions from (a) graphene-PEO and graphene-IL interactions; and (b) Coulombic and LJ interactions.

according to GY = g/AT or G2 = qQ/AT, where 1J and Q denote
the 1J and Coulombic interactions, respectively. The enhancement
of ITC in the charged graphene/IL-PEO systems is mainly attributed
to the increase of L] contribution between the graphene electrode
and IL, rather than that of the Coulombic interactions. Such an
observation is consistent with our prior analysis [15,50], where
Coulombic interaction is responsible for attracting polar molecules
closer to the interface, but L] interaction is mainly responsible for
thermal transport.

4. Conclusions

In summary, we have calculated the ITC in the graphene/IL-
PEO system with different graphene charge densities to under-
stand the mechanisms of enhanced interfacial thermal transport
between electrodes and SPEs in the charged and discharged states.
We find that the ITC increases with the increase of graphene
charge densities. The interfacial structures change accordingly with
the graphene charge states, where IL ions form concentrated lay-
ers at the interface due to Coulombic attraction from the charged
graphene. When the graphene is negatively or positively charged,
the interfacial thermal transport is dominated by cations or an-
ions of ILs, respectively. The ITC values of the system are higher
when graphene is negatively charged than when it is positively
charged, which can be well explained by analyzing the VDOS of in-
terfacial species. By decomposing the total heat flux into contribu-
tions from graphene-PEO and graphene-IL interactions, we reveal
that the interfacial thermal transport is dominated by the interac-
tions between charged graphene and IL. Moreover, the decomposi-
tion of ITC shows that the enhanced interfacial thermal transport
in the charged graphene/IL-PEO systems is primarily attributed to
the enhancement of L] interactions rather than the Coulombic in-
teractions, with the latter contribute indirectly by attracting IL ions
to the interface. The results of this work will provide new in-
sights into the understanding of interfacial thermal transport be-
tween electrodes and electrolytes of SLIBs during charge/discharge
processes. The fundamental interfacial thermal transport mecha-
nisms can also be applicable to other solid-state electrochemical
energy systems such as supercapacitors, sodium-ion batteries, and
potassium-ion batteries.
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