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ABSTRACT: Solid-state electrolytes, particularly polymer/ce-
ramic composite electrolytes, are emerging as promising candidates
for lithium-ion batteries due to their high ionic conductivity and
mechanical flexibility. The interfaces that arise between the
inorganic and organic materials in these composites play a crucial
role in ion transport mechanisms. While lithium ions are proposed
to diffuse across or parallel to the interface, few studies have
directly examined the quantitative impact of these pathways on ion
transport and little is known about how they affect the overall
conductivity. Here, we present an atomistic study of lithium-ion
(Li+) transport across well-defined polymer−argyrodite interfaces.
We present a force field for polymer−argyrodite interfacial systems, and we carry out molecular dynamics and enhanced sampling
simulations of several composite systems, including poly(ethylene oxide) (PEO)/Li6PS5Cl, hydrogenated nitrile butadiene rubber
(HNBR)/Li6PS5Cl, and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)/Li6PS5Cl. For the materials considered
here, Li-ion exhibits a preference for the ceramic material, as revealed by free energy differences for Li-ion between the inorganic and
the organic polymer phase in excess of 13 kBT. The relative free energy profiles of Li-ion for different polymeric materials exhibit
similar shapes, but their magnitude depends on the strength of interaction between the polymers and Li-ion: the greater the
interaction between the polymer and Li-ions, the smaller the free energy difference between the inorganic and organic materials. The
influence of the interface is felt over a range of approximately 1.5 nm, after which the behavior of Li-ion in the polymer is comparable
to that in the bulk. Near the interface, Li-ion transport primarily occurs parallel to the interfacial plane, and ion mobility is
considerably slower near the interface itself, consistent with the reduced segmental mobility of the polymer in the vicinity of the
ceramic material. These findings provide insights into ionic complexation and transport mechanisms in composite systems, and will
help improve design of improved solid electrolyte systems.
KEYWORDS: lithium-ion battery, solid-state electrolyte, ion transport, polymer−ceramic interface, force field development,
molecular dynamics

1. INTRODUCTION
Lithium-ion batteries are used extensively in a wide range of
applications.1,2 Unfortunately, a reliance on flammable liquid
electrolytes and the formation of lithium dendrites in lithium-
ion technologies pose a variety of safety concerns.3−5 To
overcome these challenges and unlock the full potential of safe
high-energy-density lithium batteries, solid-state electrolytes
have emerged as promising alternatives.6,7 Two major classes
of solid electrolytes, lithium-ion conductive polymers, and
lithium-ion conductive ceramics, have been studied exten-
sively; they each have advantages and drawbacks. Ceramic
electrolytes offer high conductivity but suffer from brittleness
and can have poor interfacial contact between the electrode
and the electrolyte.8−10 Polymer electrolytes, on the other
hand, exhibit high electrolyte/electrode interfacial contact and
mechanical flexibility, but they suffer from low room-
temperature conductivity.11−15 In recent years, polymer−
ceramic composite electrolytes have become an increasingly
sought-after solution to harness the benefits of both materials

and overcome their limitations. These composite materials
offer the potential of improved ionic conductivity, greater
mechanical flexibility, and more stable electrode−electrolyte
interfacial contacts.16−18

Poly(ethylene oxide) (PEO)-based electrolytes exhibit high
flexibility, nonflammability, and low cost, but suffer from low
ionic conductivity, on the order of 10−9 for pure polymers and
up to 10−4 S/cm for sufficiently high salt contents.19−22 Among
ceramic materials, argyrodite-type compounds such as LiPS5X
(X = Cl, Br, I) have received significant attention as potential
electrolytes due to their high ionic conductivity at room
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temperature, which can reach approximately 10−3 S/cm, high
thermal stability, and good processability.23,24 However, a
major drawback associated with these materials is that they
tend to decompose upon contact with lithium, rendering them
unsuitable for use as standalone electrolytes.25,26

Recent advances in polymer/argyrodite electrolytes, partic-
ularly PEO/argyrodite systems, have shown potential for
battery applications.26−28 Experimental studies have reported
enhanced conductivity and improved adhesion in these
composite electrolytes.26−28 Moreover, the addition of a
polymer layer to argyrodites appears to resolve the
decomposition issue, showing promise for hybrid electrolytes
as materials for next-generation batteries.26,27 Despite this
progress, there are significant gaps in our understanding of the
microscopic ion transport mechanisms that govern overall
electrolyte conductivity.29,30 A comprehensive understanding
of these mechanisms at the polymer−argyrodite interface is
crucial for improving device performance.
Atomistic models and molecular simulations provide ideal

tools to interrogate the coupling between molecular-level
structure and macroscopic transport in battery electrolytes.
Simulations enable access to time and length scales that align
well with ion transport phenomena.29 Indeed, classical
molecular dynamics (MD) simulations have been used in
recent studies to predict ion transport mechanisms in
interfacial systems,31,32 liquid electrolytes,5,33 and polymer
electrolytes.29,34−36 Atomistic simulations of composite sys-
tems, however, have been limited, owing to the lack of suitable
force fields that can accurately describe these heterogeneous
interfaces.37−39 A key challenge lies in the incompatibility
between existing force fields, most of which have been
parametrized separately for individual inorganic and organic
materials. While several force fields for organic materials exist,
such as CHARMM,40,41 Amber42 and OPLS-AA,43,44 there are
limited force fields for ceramic materials.45,46 Several studies
have sought to develop force fields for organic−inorganic
hybrid material, but to date, only a few have been applied to
lithium battery materials.31,32,47,48 Validation of these force
fields also remains challenging due to the limited availability of
experimental measurements that capture the full molecular-
level detail of these heterogeneous interfaces.48 These existing
challenges highlight the need for new developments for

atomic-scale simulations of organic−inorganic hybrid energy
materials.
In this work, we present a computational workflow for

developing force field parameters from ab initio calculations,
such as density functional theory (DFT), for inorganic−
organic interfaces. We show that our force fields describe the
polymer/ceramic interfacial interactions, capturing key proper-
ties with the accuracy of DFT while providing the computa-
tional efficiency of classical MD. Our force fields enable
simulations over the length and time scales that are needed to
examine lithium transport behavior. The force fields are
compatible with a widely used model for polymeric systems,
OPLS-AA, thereby providing flexibility in extending this
approach to a wide range of polymer electrolytes. Here, we
demonstrate the transferability of this computational frame-
work by applying it to three different polymer−argyrodite
interfaces. The polymers considered in this study include PEO,
hydrogenated nitrile butadiene rubber (HNBR), and poly-
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP).
These materials have been considered in composite organic
electrolytes and have varying chemical functional groups that
interact with Li-ions differently.49,50 They thus provide a broad
platform to investigate how different Li-ion solvation behaviors
affect the thermodynamics and kinetics of Li-ion transport in
the composite system.
Using our force fields, we then present results from all-atom

MD and enhanced sampling simulations of our polymer/
Li6PS5Cl composite systems. We focus on the structure,
thermodynamics, and dynamics of the ceramic/polymer
interface and the confined polymeric material. We consider
Li-ion solvation and transport in two directions: (1)
perpendicular to the interfacial plane, from the ceramic
domain to the polymer domain and (2) parallel to the
interfacial plane, as a function of the distance to the ceramic
phase. More specifically, we calculate the free energy profile of
Li-ion in the polymer as a function of distance to the ceramic
surface by relying on enhanced sampling simulations. We then
examine how the presence of the interface affects the kinetics
of Li-ion parallel to the interface at various distances from the
interface. Finally, we compare Li-ion stability and kinetics
across three polymer systems.

Figure 1. Schematic workflow of force field development and benchmarking presented in this work.
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2. RESULTS AND DISCUSSION
2.1. Polymer−Argyrodite Force Field Development.

Simulations of ion mobility in polymeric materials typically
require calculations ranging from several tens to hundreds of
nanoseconds to fully capture the diffusive transport
regime.5,51,52 Simulations of polymer diffusion require even
longer time scales. Classical force fields are therefore needed to
extensively sample the relevant conformational space and to
describe the diffusive behavior of ions. In this work, we use the
OPLS-AA model53 to describe the atomistic interactions
between polymer molecules and between polymers and Li-
ions. Note that OPLS-AA has already been used and validated
for simulations of polymer melts and for Li-ion diffusion in
polymers.5,29 The specific challenge that we address here is
that while OPLS-AA force field parameters are available for the
polymers of interest to our study, the parameters needed to
describe the interatomic interactions within Li6PS5Cl and with
polymers are not available. To address this gap, we introduce
solid and interface force fields based on the OPLS-AA model
using results from DFT calculations. Our newly developed
polymer−ceramic force fields are compatible with the OPLS-
AA model, and they help broaden the range of polymer−
ceramic interfacial systems that can be simulated. The
proposed workflow is shown in Figure 1.

In the OPLS-AA force field, the total energy is decomposed
into the following terms:

= + +
<

E E f E r E r( ( ) ( ))
i j

ij ij ijbonded elec vdW
(1)

Here Ebonded is the bonded energy; Eelec is the electrostatic
energy; and EvdW is the van der Waals (vdW) energy. The
factor ( f ij) is used to scale the nonbonded interactions
(electrostatic and vdW terms) based on atom connectivity (0,
0.5 or 1). The electrostatic term is defined as

=E r
q q e

r
( )

4ij
i j

ij
elec

2

0 (2)

where qi is the atomic charge assigned to atom i, and rij is
interatomic distance. For ceramic materials, existing force
fields54,55 often employ a screening function to limit electro-
static interactions to short ranges. This approach, however, is
incompatible with OPLS-AA and unsuitable for studying
interfaces where long-range interactions play a significant
role.56−58 We therefore develop a force field for Li6PS5Cl that
relies on bare electrostatics and assigns atomic charges
explicitly (see eq 2). We then use the OPLS parameters for
the polymer and Li6PS5Cl and develop a force field for their
interface. The reference data used to generate the necessary

Figure 2. Radial distribution functions (RDF) between Li and other atom types from distribution function matching calculations. The reference
refers to the reference distributions obtained from DFT-MD simulations. The rest of the distribution functions are shown in Figure S2. Each figure
shows RDF between atom types (a) Li and P (b) Li and Cl, (c) Li and S1 and (d) Li and S2 in the solid, respectively.
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parameters for the ceramic and the polymer−ceramic systems
are based on DFT calculations as outlined in the workflow of
Figure 1.
2.1.1. Argyrodite: Li6PS5Cl. The total energy of the ceramic

solid material is described by eq 1, where the electrostatic
energy is defined in eq 2. We calculate atomic charges qi in eq
2 using the density-derived electrostatic and chemical charge
(DDEC) analysis59,60 on the DFT-optimized Li6PS5Cl crystal
structure (details included in the Supporting Information).
The atoms in Li6PS5Cl are classified into five types (Li, P, S1,
S2, Cl), where there are two sulfur atom types depending on
whether they coordinate with phosphorus atoms (S1 or S2).
The DDEC analysis incorporates both electron density and
electrostatic terms to calculate atomic charges. The resulting
charges are shown in Table S1. Notably, the charge for Li-ions
in Li6PS5Cl is about +0.78, which is consistent with the
practice of scaling the charge of ions when using the OPLS-AA
force field (∼0.7−0.8) to correctly capture ion dynamics in
polymer electrolyte systems.61,62

After charges are assigned, we determine the parameters for
the Ebonded and EvdW terms in eq 1 using the distribution
function matching (DFM) approach, as done by Kobayashi
and co-workers.55 For Li6PS5Cl, we employ harmonic bond
potentials for all bonded atom pairs, harmonic angle potential
for the S1−P−S1 angle to preserve the PS4 tetrahedral
structure, and Born−Mayer−Huggins−Fumi−Tosi (BMHFT)
potential63,64 for the Li-X (X = S1, S2, Cl) vdW interactions
(see the Supporting Information for details). In the DFM
method, we first generate distribution functions from DFT-
based MD simulations or DFT-MD to serve as the reference.
Then, we optimize the parameters in the force field by fitting
the calculated distribution using the force field model to the
reference distribution. During this optimization process, the
DFM approach also optimizes a term related to the stress
tensor, such that the lattice cell parameters of the resulting
force field agree with the DFT-MD reference. Representative
radial distribution functions of Li-X pairs optimized using the
DFM method are shown in Figure 2 (see Figure S2 for a
complete set of distribution data). The resulting distributions
calculated with our force field are in good agreement with the
reference DFT results.
An important property that the Li6PS5Cl force field must

capture for lithium battery studies is Li-ion diffusion. Li-ions
diffuse fast in Li6PS5Cl, where the ionic conductivity is on the
order of mS/cm at room temperature.65−73 Previous
experimental and computational studies have suggested that
the site disorder of Cl− and S2− ions can significantly enhance
Li-ion conductivity.74−76 From our force field, we estimate the
Li-ion diffusion coefficient to be 4.03 × 10−11 cm2/s for the
crystalline phase and 1.87 × 10−8 cm2/s for the material with
50% disorder in Cl− and S2− sites (Figure S3). Our findings are
consistent with values from previous DFT-MD studies: the Li-
ion diffusion coefficient in Li6PS5Cl for its crystalline phase is
around 10−11 cm2/s,77 and the diffusion coefficient increases
with increased disorder in Cl− and S2− single anions, to around
10−7−10−8 cm2/s.68,78,79 The computed diffusion coefficient of
the disordered system is also consistent with experimental
conductivity measurements.
2.1.2. Polymer−Argyrodite Interface. To parametrize the

polymer−Li6PS5Cl interface model, we first find the lowest-
energy surface structure of Li6PS5Cl from the bulk crystal
structure using DFT, and then expose this ceramic surface to
the polymer to create a polymer−solid interface (see Section

4.1). We then use the force field parameters from Li6PS5Cl and
the polymer of interest to develop the additional parameters
needed for the interface.
For a polymer−argyrodite interface system, the total energy

(Etot) is written as
= + +E E E Etot polymer solid polymer solid (3)

where each energy term represents the energy of each domain
(the polymer and the solid), and the last term, Epolymer−solid,
consists of intermolecular interactions between the atoms in
the polymer and the solid domains. Each energy term is
consistent with the OPLS-AA model (eq 1). In the Epolymer−solid
term, there are no bonded terms between the polymer and the
solid domains, and eq 3 is rewritten as

= + + +

+ +

E E E E E

E E

tot elec vdW,solid bonded,solid vdW,polymer

bonded,polymer vdW,polymer solid (4)

In this equation, parameters for the EvdW,polymer and
Ebonded,polymer terms are available from the existing OPLS-AA
force field (e.g., see Section 4 in Supporting Information).
Likewise, the atomic charges of the bulk polymer are also
known from the OPLS-AA model. On the other hand, the
creation of an interface may change the charge of ceramic
atoms exposed to the surface in Li6PS5Cl due to surface
polarization. To calculate the Eelec term in the presence of an
interface, we carry out DDEC calculations of the Li6PS5Cl
surface slab model. We find that the atomic charges of most
atoms are nearly the same as their values in bulk Li6PS5Cl, and
only the atoms exposed to the surface experience significant
changes and degeneracy (see Table S1 in Supporting
Information). Therefore, to model Eelec and the rest of the
interaction among solid atom types in the presence of an
interface (EvdW,solid and Eboned,solid), we use atomic charges
calculated from the surface slab model but adapt the
parameters for the bonded and vdW terms derived using the
DFT data of bulk solid as described in Section 2.1.1.
The remaining unknown energy term in eq 4 is

EvdW,polymer−solid. The vdW term in OPLS-AA uses a Lennard-
Jones (L-J) potential

=
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É
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( ) 4ij ij

ij

ij

ij

ij
LJ

12 6

(5)

where rij is the distance between atom i and atom j; ϵij is the
depth of the potential well; and σij is the distance at which the
potential energy is zero. The L-J parameters are obtained using
the following combining rules:

=ij i j (6)

=ij i j (7)

where the L-J parameters σi and ϵi are defined for each atom i.
To complete the interface model, we derive the L-J

parameters for each atom type in the ceramic phase. In a
previous report for a different ceramic−polymer system by
Bonilla and co-workers,48 L-J parameters for the interface are
directly adapted from those in the solid force field. While their
results are reasonable, we expect the atoms exposed on the
solid surface to carry different polarization states than their
bulk counterparts. Thus, we perform an interaction energy
fitting approach to derive L-J parameters for solid atom types
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in the presence of the polymer−solid interface using the
combining rules in eqs 6 and 7.
A large data set of monomer conformations adsorbed to the

Li6PS5Cl surface is collected with MD simulations for an initial
set of trial L-J parameters. The interaction energy is defined as

= +E E E Esolid monomer solid monomer (8)

where Esolid+monomer, Esolid and Emonomer are energies from three
single-point DFT calculations of the corresponding separate
systems. We repeat the calculation of interaction energies with
the set of conformations sampled with iteratively refined trial
force fields until they reach good agreement with those
calculated from DFT. We cast this procedure as an
optimization problem of minimizing the sum of the mean-
squared deviation between the interaction energy from the trial
force field and from DFT calculations. We consider monomers
from polyethylene glycol (PEO), hydronated NBR (HNBR),
and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP); the list of the monomers is summarized in Table S4.
The final result from the least-squares fitting procedure is
displayed in Figure 3, and the L-J parameter values are listed in

Table S3. As seen in Figure 3, there is a good agreement
between our force field and DFT across different monomers,
suggesting good transferability of L-J parameters among the
polymers reported in this study. Our computational framework
outlined here (Figure 1) can be easily extended to develop
force fields for other polymer−solid interface systems.
2.2. Free Energy Profile of Li-ion Across PEO/Li6PS5Cl

Domain. We apply our newly developed ceramic/interface
force field to investigate the energetics of Li-ion diffusion in the
PEO/Li6PS5Cl composite system. We create two identical
interfaces to model this system, as shown in Figure 4a. PEO
chains adsorb onto the solid surface, forming a densely packed
layer of adsorbed polymers approximately 5 Å thick at
equilibrium. This adsorbed layer is illustrated by the peaks in
the density profiles of carbon and oxygen atoms of PEO
(Figure S5 of the Supporting Information). Note that ceramic
Li-ions remain confined within the ceramic domain and do not
cross the interface.
To understand the preference of Li-ions for the ceramic or

polymeric domains, we conduct enhanced sampling simu-
lations and determine the free energy profile of the ions across

the polymer phase up to the ceramic surface. We use the z-
coordinate of a single Li-ion as a collective variable and use the
Adaptive Biasing Force method, where we apply biasing force
along the direction perpendicular to the interfacial plane.80 In
Figure 4b, we plot the average free energy profile of surface Li-
ions in a PEO/Li6PS5Cl composite system at 600 K. The x-axis
represents the distance from the interface in the direction
perpendicular to the interfacial plane, starting from the
polymer−ceramic interface, traversing the polymer domain,
and ending at the opposite polymer−ceramic interface. The
free energy profile is perfectly symmetric, indicating that the
vacancy created by the departing Li-ion is promptly filled by
neighboring Li-ions. Previous studies of the bulk ceramic
material have shown that this vacancy can migrate throughout
the ceramic domain in a “string-like” motion in the solid.75

The collective free energy profile of Li-ions presented here is
obtained by averaging over the profiles of all surface Li-ion
sites. The free energy profiles of different Li-ions at the ceramic
surface exhibit similar shapes and energy magnitudes,
indicating that the specific location of a Li-ion on the surface
has a minor influence on the thermodynamics (Figure S6 in
the Supporting Information). An amorphous layer of Li-ions
forms at the ceramic surface, as shown in Figure S7 in the
Supporting Information. This finding is consistent with a
previous report suggesting that polymer interactions with the
ceramic domain lead to the formation of an amorphous layer of
Li-ions at the ceramic surface.48 This amorphous layer likely
results in comparable free energy profiles for all surface Li-ions.
As seen in Figure 4b, the free energy minimum occurs at the

interface, indicating that the Li-ions prefer to reside at the
ceramic−polymer interface, rather than partitioning into the
polymer domain. The free energy difference between the
interface and the bulk polymer is approximately 14 kBT,
underscoring the small probability of finding Li-ions in the
polymer. A local minimum is observed at around 5 Å away
from each interface. This minimum is approximately 4kBT
lower than the bulk polymer region (see Figure 4b). As
previously mentioned, PEO chains are densely packed near the
interface (about 5 Å thick), creating an environment rich in
oxygen atoms. Li-ions are primarily coordinated with the
excess oxygens from PEO near the interface.81

Figure 4c shows the coordination motifs that arise for a Li-
ion at three locations: the ceramic surface, the oxygen-dense
region near the interface, and the polymer bulk. At the ceramic
surface, the Li-ion is mainly coordinated with the sulfur atoms
from the ceramic but also partially interacts with the oxygen
atoms from the polymer, resulting in a coordination number of
around three. As Li-ion migrates to the adsorbed polymer
layer, it adopts a coordination structure similar to that in the
polymer bulk, with a coordination number of around six (see
Figure 4c). The Li-ion is fully coordinated in the polymer bulk
by six oxygen atoms from the PEO chain.
We performed an additional free energy calculation to gain

deeper insights into the source of the free energy difference
between the interface and the polymer bulk. We inserted a Li-
ion directly into the PEO domain (avoiding a vacancy
formation in the ceramic domain) and smeared the extra
positive charge across all phosphorus, sulfur, and chlorine
atoms in the solid phase. We opted not to introduce a
counterion to avoid changes in the Li-ion behavior. The free
energy profile obtained after repeating the calculation with this
inserted Li-ion is almost identical to that shown above (see
Figure S8 of the Supporting Information). These results

Figure 3. Results from the fitting of interaction energies for
parametrization of LJ terms for the interaction between solid and
polymer atom types at the interface. The different labels correspond
to different monomers, and a full list of the corresponding chemical
formulas is shown in Table S4. The optimized LJ parameters are listed
in Table S3.
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strongly suggest that the observed free energy difference
originates from the stronger coordination interaction of Li-ion
in the ceramic material compared to PEO. The free energy cost
of merely creating a vacancy is minimal when compared to that
of a Li-ion crossing the interface region.
2.3. Li-ion Transport in the PEO Domain. Thus, far, we

have identified a substantial thermodynamic preference for Li-
ions to remain in the ceramic phase compared to the polymer.
We next consider whether any barriers arise for Li-ion
transport parallel to the interfacial plane. We compute the
two-dimensional (2D) planar diffusivity as a function of
distance from the interface using eq 9 below:
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We place Li-ions at different distances above the interface
within the polymer by applying a harmonic restraining force on
the ions in the z-direction (perpendicular to the interface).
Figure 5a shows the planar diffusivity for different distances
from the interface. The presence of the interface significantly
slows down the Li-ion diffusion parallel to the interfacial plane.
As a Li-ion moves away from the interface, its diffusivity
increases considerably. Eventually, the 2D diffusivity ap-

Figure 4. Li-ion free energy profile and coordination motifs. (a) Snapshot of the PEO/Li6PS5Cl composite system at 600 K, showing lithium
(purple), sulfur (yellow), chloride (green), phosphorus (orange), oxygen (red), carbon (dark gray), and hydrogen (white). (b) Free energy profile
of a Li-ion located on the ceramic surface as it travels through the polymer domain. The local minima in the profile correspond to the two distinct
regions highlighted within the polymer domain (bulk vs oxygen-rich layer). (c) Coordination motifs of a Li-ion at three locations within the
composite system: polymer bulk, oxygen-rich layer, and ceramic surface. The Li-ion of interest (or probe) is shown in purple, while other Li-ions in
the ceramic are depicted in blue.

Figure 5. Characterization of single Li-ion diffusion at different distances from the ceramic surface. (a) Li-ion diffusivity versus distance from the
interface. The diffusivity data for a single Li-ion in a bulk polymer melt is represented by a solid red dot, for reference. (b) Bond vector
autocorrelation function of PEO backbone carbons and oxygens in the polymer domain of the composite system (interfacial region: blue; bulk
region: green; overall: orange) and in free PEO melt in the absence of solid material (red). (c) Ion-hopping autocorrelation function of Li-ion at
various distances from the interface. Note that the diffusivity data shown in (a) for the 0.87 and 5.3 Å cases correspond to apparent diffusivity. See
Section S8 in the Supporting Information for a discussion of diffusivity calculations.
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proaches the bulk polymer value in the region furthest away
from the interface. The diffusivity of Li-ion in the PEO bulk
region is about 3 orders of magnitude higher than that at the
interface. At a distance of approximately 16 Å from the
interface, the dynamics of Li-ion are no longer affected by the
presence of the interface (Figure S9 of the Supporting
Information).
To understand this slowing-down effect near the interface,

we now consider the differences in the polymer segmental
mobility between the interfacial and bulk regions of the
composite system. Figure 5b illustrates this difference using the
bond-vector autocorrelation function (BVAF).82 The BVAF
measures how rapidly the bond vector between two adjoining
backbone atoms forgets its initial orientation. PEO exhibits
significantly slower segmental dynamics near the interface than
in the bulk because PEO chains are adsorbed and packed more
densely at the interface, which hinders their movement. The
slower segmental mobility of PEO at the interface slows down
Li-ion diffusion in this region. It is worth noting that,
compared to the free PEO melt, PEO chains in the composite
system display slower overall segmental mobility due to
confinement effects introduced by the attractive solid surface.83

The reduced segmental mobility explains the slightly reduced
Li-ion diffusivity in the bulk region compared to that of a free
PEO melt.
Previous studies have established that Li-ion diffusion in

PEO melts depends on both polymer segmental dynamics and
the frequency of ion hopping events.30,52 To quantify the
frequency of ion hopping events at various distances from the
interface, we compute the ion hopping correlation function,
denoted as CACF(t) (defined by eq 10). We fit the resulting

correlation function to a stretched exponential equation of the

form, =fCACF( ) e ( )t
, where τ is the characteristic time and

β is the stretching parameter. The results are presented in
Figure 5c.
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In this equation, S(t0) represents the set of oxygen atoms
from the PEO chain that coordinate with the Li-ion at time t0,
and S(t + t0) represents the set of oxygen atoms coordinated
with the Li-ion at a later time (t + t0). |·| represents the number
of members of a set. The correlation function captures the time
it takes for a Li-ion to unbind from a polymer chain. This
analysis allows us to compare the hopping rates at different
distances from the interface. A faster decay of the correlation
function indicates a higher number of ion-hopping events.82

As shown in Figure 5c, the correlation function exhibits little
decay for Li-ions at the interface. This implies a low ion-
hopping rate and a long characteristic time for a Li-ion to
unbind from a polymer chain near the interface. There is a
stabilizing force at the interface that effectively traps the Li-ion
within its solvation shell. The ion hopping rates increase as the
Li-ion moves away from the interface, indicating that this
stabilizing force weakens gradually within the polymer domain
over a distance of approximately 16 Å. Notably, the
characteristic hopping time at the interface is roughly 50
times larger than that in the bulk polymer (see Table S6 in
Supporting Information).
2.4. Comparison of Li-ion Transport in Various

Polymer/Li6PS5Cl Interfacial Systems. To investigate the

Figure 6. Li-ion free energy profiles in different polymer/Li6PS5Cl systems and number density profiles of electronegative atoms for the polymers.
(a−c) Number density profiles of (a) oxygen atoms in PEO, (b) nitrogen atoms in HNBR, and (c) fluorine atoms in PVDF-HFP. (d−f) Li-ion
Free Energy profiles, indicated by solid black lines, and entropic contribution, represented by green lines, in (d) PEO/Li6PS5Cl, (e) HNBR/
Li6PS5Cl, and (f) PVDF-HFP/Li6PS5Cl systems.
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influence of polymer materials on Li-ion transport, we analyzed
the chemical environment and thermodynamics of ceramic−
polymer interfaces for two additional polymer systems, HNBR
and PVDF-HFP, alongside PEO. Unlike PEO, HNBR and
PVDF-HFP are poor electrolytes, and there is an even smaller
affinity by Li-ion to these materials due to weaker polymer−Li-
ion interactions. For instance, HNBR coordinates with Li-ion
primarily through the nitrogen atoms (coordination number
∼3). At the same time, PVDF-HFP barely interacts with Li-ion
(see Figure S10 in Supporting Information).
In Figure 6a−c, we plot the density profile of the most

electronegative atoms in each polymer (i.e., oxygen in PEO,
nitrogen in HNBR, and fluorine in PVDF-HFP). The spatial
profile of the number density in the polymer domain changes
along the direction perpendicular to the interfacial plane.
Notably, in all three systems, the number density profile peaks
at a distance from the interface of around z = 5 Å and (Lz − 5)
Å, where Lz is the thickness of the polymer layer (Lz = 35, 38,
50 Å for PEO, HBNR, and PBDF-HFP, respectively),
indicating that there is an adsorbed layer of polymer chains
with a high concentration of electronegative atoms. Moving
toward the center of the polymer layer (z = Lz/2), we find that
the density profile reaches a plateau value, corresponding to
the bulk polymer density.
There is a strong correlation between the polymer

interaction strength with Li-ions and the difference in the
number density of the polymer bulk and near the interface.
The difference in density shows a decreasing trend, PEO >
HNBR > PVDF-HFP, indicating that PEO is packed more
densely near the interface compared to HNBR and PVDF-
HFP. This trend is the same as observed for the strength of
interaction between Li-ions and electronegative atoms, as
measured by the coordination number of Li-ions in the
polymer melt. Interestingly, nitrogen atoms are more electro-
negative than oxygen atoms, but the concentration of nitrogen
atoms in HNBR is low. Consequently, the overall interaction
between HNBR and Li-ions at the interface is lower than that
of PEO. In PVDF-HFP, the concentration of electronegative
fluorine atoms is high, but the polymer exhibits the weakest
interaction with Li-ion, resulting in smaller changes in the
number density going from the polymer bulk to the interface.
These results suggest that polymers undergo a conformational
reorganization to a greater extent in response to the ceramic
interface when they interact more strongly with the ceramic
material and are more likely to solvate Li-ions.
In Figure 6d−f, we compare the Li-ion free energy profiles

for the three polymers. There is a low solubility of Li-ions in all
three cases, with all free energy differences being at least 10
kBT. The shape of the free energy profiles is consistent with the
corresponding density profiles. Like the PEO system (Figure
4b), local minima are also observed at ∼5 Å away from the
interface in HNBR and PVDF-HFP, underscoring the presence
of the densely packed polymer region.
The free energy difference between the polymer domain (z

= Lz/2) and the middle of the interfacial region (z = 5 or Lz −
5 Å) remains high for all three polymers, about 5 kBT. PEO
system exhibits the lowest free energy difference, while the
PVDF-HFP system shows the highest. We can explain this
result by analyzing their respective coordination environments.
As illustrated in Figure S10, PEO coordinates most favorably
with Li-ion, forming a stable coordination shell comprising of
5−6 oxygen atoms, while PVDF-HFP coordinates the least
with Li-ion, not showing any apparent coordination shell.

Interestingly, the trend in their free energy differences (PBDF-
HFP > HNBR > PEO) is strongly anticorrelated with the
strength of the polymer−ion interaction near the ceramic
surface (PBDF-HFP < HNBR < PEO), owing to the
electronegative atoms. In other words, strong interactions
between Li-ions and the electronegative atoms near the
ceramic surface result in a low free energy for Li-ion solvation
near the polymer−ceramic relative to that in the bulk polymer.
It is of interest to decompose the free energy entropic and

enthalpic contributions, which are depicted by green lines in
Figure 6d−f. Based on these plots, the entropic contributions
to the Li-ion free energy are approximately the same for all
three systems, with a value of around ∼3 kBT, and remain
nearly constant along the direction perpendicular to the
interface. These findings suggest that the spatial variation in
the Li-ion free energy profile among different polymeric
systems is primarily due to enthalpy, which is dominated by
the electrostatic and vdW interactions between Li-ions and the
electronegative atoms in the polymers. Note that our free
energy calculations correspond to a dilute Li-ion concentration
(single Li-ion), and entropy could be more important for larger
concentrations.

3. CONCLUSIONS
Polymer−ceramic composite solid-state electrolytes hold
promise for applications in energy storage. In this work, we
have presented a detailed study of Li-ion thermodynamics and
dynamics across the polymeric phase in a composite system,
starting at the ceramic phase. To that end, we developed a
force field for argyrodite-polymeric composites that is
consistent with the OPLS-AA force field for liquids and
polymers. With this new force field, we carried out large-scale,
long time-scale MD simulations of the free energy and
transport of Li-ions for several polymeric materials of interest
for energy storage, including PEO/Li6PS5Cl, HNBR/Li6PS5Cl,
and PVDF-HFP/Li6PS5Cl.
Free energy calculations have provided a number of

previously unavailable insights into the solvation of Li-ions in
the polymer phase near the ceramic phase. First, the free
energy difference between the argyrodite interface and the bulk
polymer is approximately 14 kBT for PEO, increasing to 19 and
22 kBT for HNBR and PVDF-HFP, respectively. Second, the
entropic contribution to the free energy difference is similar
across all polymers, and has a value of approximately 3 kBT,
showing that the differences in their respective free energies is
largely due to the energetic aspects of Li-ion−polymer
interactions. The three polymers considered here form a
dense layer of electronegative atoms at approximately 5 Å from
the interface. Polymers in this layer tend to solvate Li-ions,
leading to a local free energy minimum along the direction
perpendicular to the interface plane. The effect of the ceramic
phase on the Li-ion solvation is felt over a distance of
approximately 15 Å from the interface; solvation by the
polymer assumes a bulk value behavior after that.
The diffusivity of Li-ion in the polymer is significantly

smaller near the interface than in the bulk polymer. This
reduced diffusivity is attributed to the slower segmental
dynamics of the polymer near the interface, as revealed by
the bond vector autocorrelation function for the polymers and
by an analysis of Li-ion hopping near the interface and in the
bulk. Several studies have shown that polymer segmental
mobility has a significant impact on ion diffusion.82,84,85 Our
results indicate that once Li-ions from the ceramic phase reach
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the polymer−ceramic interface, Li-ions are likely to be trapped
there or in a nearby minimum provided by a densely packed
polymer layer at the solid surface, consistent with recent
experiments.86

Our results all together paint a picture of the argyrodite
interface where Li-ion transport primarily occurs within the
ceramic. Transport across the polymeric material is hindered
by significant thermodynamic barriers, even for a relatively
good polymer electrolyte such as PEO. Local minima arise in
the free energy profile for all three polymers studied,
corresponding to favorable coordination environments created
by the adsorbed polymer layers near the interface. Taken
together, our results show that improvements in composite
electrolyte systems can be made by (1) reducing the free
energy difference between the polymer and the ceramic
materials by providing a better solvation environment for Li-
ions, (2) providing an optimized interaction between the
polymer and ceramic that leads to local free energy minima in
the interfacial region, through design of new polymers and
functionalization of the interfaces, and (3) facilitating ion
transport in the polymer by designing materials with higher
segmental mobility and lower glass transition temperatures.

4. COMPUTATIONAL METHODS
4.1. Polymer/Ceramic Force Field Development. In the

parametrization of the ceramic force field, we apply a modified
distribution function matching (DFM) approach.55 To obtain the
reference distribution for the ceramic phase, we carry out DFT-MD
simulations with CP2K ver. 7.1 package.87 We use the cubic structure
of Li6PS5Cl, obtained from the Materials Project88 (project number
mp-985592). The solid is described as a 2 × 2 × 2 supercell,
consisting of 416 atoms. DFT-MD simulations as Born−Oppen-
heimer molecular dynamics using PBESol as the exchange−correla-
tional functional,89 the Goedecker−Tetter−Hutter pseudopotentials
to describe ionic cores,90−92 and DZVP-MOLOPT-SR to describe
valence electrons.93 We used a multigrid cutoff of 550 Ry, a relative
cutoff of 60 Ry, and a time step of 1.0 fs. A Nose-Hoover
thermostat94,95 is applied to control the temperature at 300 K with a
time constant of 100 fs. The system is equilibrated at constant
pressure and temperature (NPT ensemble) for 3 ps (ps), followed by
a production run at constant volume and temperature (NVT
ensemble). The reference distribution data converged within 1 ps
(see Figure S1). Additional details of the parametrization protocol of
the solid force field are provided in the Supporting Information.

We construct the ceramic surface slab model used in this work by
minimizing the surface energy of a symmetric slab of Li6PS5Cl using
DFT. The slab model was generated using the algorithm by Sun et
al.96 as implemented in the Pymatgen package.97 The F4̅3m (110)
surface with Li−S−Cl termination was found to be the most stable.
Thus, this surface model is used as a reference to create the ceramic
force field. Additional details are provided in the Supporting
Information. To obtain L-J parameters for the interactions between
the solid and the polymer phases, we calculate the interaction energy
between a monomer and the ceramic surface from the force field with
trial parameters (see eq 8) and fit the energy to that from DFT. A
differential evolution method98−100 is used to minimize the mean-
squared deviation between the trial and the reference data. Additional
details on this parametrization are provided in the Supporting
Information.
4.2. Molecular Dynamics Simulations Using the Polymer−

Ceramic Force Field. MD simulations of composite systems are
performed using LAMMPS.101 Atomic partial charges and force field
parameters for HNBR are taken from Molinari et al.102 The
fluoroalkyl parameters are taken from Watkins et al.103 All other
polymers are modeled using the OPLS-AA force field.53 The fluorine
atomic charges are reparameterized based on our DFT calculations
and are validated against experimental data. (Section 4 in the

Supporting Information) All other atomic charges in the polymers are
from the original OPLS-AA model and are assigned based on their
atom types. Force field parameters for all three polymers�PEO,
HNBR, and PVDF-HFP�were validated against experimental data
(Table S5 in the Supporting Information). A Velocity Verlet
integrator with a 1 fs time step is used in all MD simulations. van
der Waals interactions are evaluated with a cutoff distance of 11 Å.
Coulomb interactions are estimated using a particle−particle particle-
mesh (PPPM) solver with a cutoff distance of 11 Å.104 Three-
dimensional periodic boundary conditions are applied. Additional
details of the simulation protocol are provided in the Supporting
Information.
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L.; Fu, G.; Manthiram, A.; Goodenough, J. B. Hybrid polymer/garnet
electrolyte with a small interfacial resistance for lithium-ion batteries.
Angew. Chem., Int. Ed. 2017, 56, 753−756.
(11) Dong, D.; Zhou, B.; Sun, Y.; Zhang, H.; Zhong, G.; Dong, Q.;
Fu, F.; Qian, H.; Lin, Z.; Lu, D.; et al. Polymer electrolyte glue: A
universal interfacial modification strategy for all-solid-state Li
batteries. Nano Lett. 2019, 19, 2343−2349.
(12) Jiang, Y.; Yan, X.; Ma, Z.; Mei, P.; Xiao, W.; You, Q.; Zhang, Y.
Development of the PEO based solid polymer electrolytes for all-solid
state lithium ion batteries. Polymers 2018, 10, No. 1237.
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