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Solid composite electrolytes based on poly(ethylene carbonate) and rutile TiO, are investigated via molecular dynamics simulations. The

incorporation of TiO, induces the formation of a space charge layer at the polymer—filler interface and facilitates low-resistance Li*

hopping, significantly altering Li* coordination environments and leading to excellent local Li* mobility.

Broader context

This is the first report on the characterization of ionic mobility and solvation structure in Li salt-concentrated poly(ethylene carbonate) (PEC) electrolytes with
TiO, using molecular modeling, calculations and simulations based on molecular dynamics, the radial distribution function and the free volume theory.

Polymer electrolytes have attracted much attention as ion-conductive soft materials for novel battery systems because of their safety compared with liquid
electrolytes, flexibility and light weight. We have already reported that highly salt-concentrated PEC electrolytes exhibit unique ion-conductive behavior (high

conductivity, a high Li transference number ¢,, excellent oxidation stability above 5 V, etc.) in the solid state. Moreover, we found that the composite electro-

Iytes with inorganic fillers such as TiO, exhibit excellent properties such as increased Li" self-diffusion coefficients and ¢, values greater than 0.8. We believe
that the presence of aggregated ions with moderately complex structures leads to favorable performance in such PEC-based electrolytes and that the inter-

facial ionic structure between the electrolyte phase and the TiO, surface may play an important role in enhancing ionic transport. We therefore focus on the

computational characterization of PEC electrolyte models over a wide range of salt concentrations to understand the unusual solvation structure of ions.

Introduction

Since their commercial debut by Sony in the 1990s, lithium-
ion batteries (LIBs) have become essential to modern society,
serving as the primary power source for mobile phones,
laptops, drones, and other portable electronic devices.' With
continuous advancements in large-scale production and sig-
nificant cost reductions, the energy density and specific energy
of LIBs have surpassed 300 W h kg™ " and 750 W h L™", respect-
ively, with further improvements driven by progress in
materials science and manufacturing.® However, the growing
electric vehicle (EV) market demands even higher energy den-
sities, targeting over 500 W h kg™", to achieve driving ranges
exceeding 1000 kilometres.®
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Despite this increasing demand for high-capacity LIBs,
several challenges remain, particularly concerning the lithium
metal anode.”® The weak bonding between lithium atoms not
only facilitates the growth of lithium dendrites but also signifi-
cantly increases the risks of internal short circuits and safety
hazards.”™" Over the past decade, researchers have proposed
various strategies to mitigate these issues, including advanced
separators, electrolyte optimization, engineering of the inter-
phase layer, and structural modifications of the anode.'*™*
Nevertheless, increasing the energy density inherently raises
safety concerns. Therefore, replacing flammable liquid electro-
lytes with solid-state electrolytes has become a crucial focus
for enhancing safety while meeting the demands for higher
performance.

Solid electrolytes offer significant potential not only in miti-
gating dendrite formation but also in addressing critical
instability in LIBs.'®'” Among them, solid polymer electrolytes
(SPEs), utilizing organic macromolecules such as poly(ethylene
oxide) (PEO) or poly(ethylene carbonate) (PEC) as the polymer
matrix, exhibit distinct advantages.'®'® These include low
density, excellent interfacial compatibility with electrodes, and
favourable mechanical flexibility, making SPEs particularly
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attractive for applications where weight reduction is essential,
such as in EVs.

However, despite these advantages, a major challenge
remains: the room-temperature ionic conductivity of SPEs typi-
cally falls within the range of 107 to 107> S em™".>>*" To over-
come this limitation, extensive research has focused on devel-
oping solid composite electrolytes (SCEs) by introducing in-
organic fillers into the polymer matrix. These fillers such as
TiO, help lower the glass transition temperature of the
polymer, disrupt its crystalline regions and promote the dis-
sociation of lithium salts, thereby enhancing the segmental
motion of polymer chains and increasing the concentration of
free Li cations, significantly improving their mobility.>*>* By
synergistically combining the flexibility of polymers with the
mechanical robustness of inorganic fillers, SCEs achieve better
interfacial contact with electrodes while effectively suppressing
lithium dendrite growth, paving the way for safer and more
efficient high-energy-density batteries.

Nevertheless, a considerable gap still exists between the
current performance of these materials and their theoretical
potential, continuously driving researchers to seek break-
throughs through innovative technical strategies. One such
approach is molecular dynamics (MD) simulations. MD simu-
lations enable large-scale modelling that provides detailed and
intuitive representations of lithium salt dissociation and ion
transport dynamics.>>*° This allows researchers to gain a clear
understanding of how the introduction of fillers and their
surface modifications affect Li* transport behaviour at the
molecular level. Previous studies have demonstrated that
incorporating TiO, into various polymer-based SCEs can sig-
nificantly enhance metal ion conductivity and increase the Li"
transport number.>”*® Building on these findings, our study
focuses on the role of TiO, in a system consisting of a PEC-
based matrix and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI). Composite models comprising PEC, LiTFSI and rutile
TiO, were constructed through a multi-step process, as
described in ESI.1,{ with the separate models shown in Fig. 1.
Moreover, MD simulations were employed to investigate the
ionic behaviours in the SCE systems. This study systematically
analysed the changes in the Li" coordination environment and
ionic conductivity resulting from TiO, incorporation, providing
an in-depth evaluation of how space charge layer (SCL) for-
mation influences ion transport within the PEC-based compo-
site electrolyte.

All simulations conducted in this work, including model
construction and structure optimization, were performed
using the Materials Studio®® (MS) software package and its
associated modules. MD simulations were executed using the
Forcite module. Utilizing the COMPASS (Condensed-phase
Optimized Molecular Potentials for Atomistic Simulation
Studies) II force field, the Forcite module functions as a power-
ful molecular mechanics engine, enabling efficient energy cal-
culations, structure optimization, and MD simulations,
making it well suited for large-scale polymeric systems.
COMPASS 1I is known for its extensive parameterization, com-
bining empirical data with results from ab initio HF/6-31G*
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Fig. 1 Chemical structures and molecular models of (a) a PEC chain, (b)
LiTFSI and (c) a unit cell of rutile TiO,.

calculations to achieve high accuracy in simulating condensed-
phase materials.>**' Numerous studies have demonstrated the
applicability of COMPASS and Forcite in polymer and electro-
Iyte research. For example, Amrhar et al. investigated the
adsorption mechanisms of anionic dyes on the TiO, (110)
surface,*” and Ibrahim et al. simulated a graphene membrane/
TiO, bilayer nanocomposite to enhance the electronic and
mechanical properties of the graphene membrane.*® These
examples underscore the reliability and versatility of COMPASS
II and support its use in this study for accurately capturing the
structural and dynamic properties of the PEC-based
electrolyte.

To balance accuracy and computational efficiency, appropri-
ate functionals and methods were meticulously chosen for
each calculation step, as detailed in ESI2.f In addition,
coordination structures and ionic mobility within the system
were systematically analysed based on radial distribution func-
tion (RDF) and mean-square displacement (MSD) results
(theoretical basis provided in ESL3%). These data were
extracted from MD simulations conducted under the NVT
ensemble (where the number of atoms, volume, and tempera-
ture are conserved) and the NVE ensemble (where the number
of atoms, volume, and energy are conserved), ensuring reliable
characterization of dynamic behaviours.

Results and discussion

Following MD simulations, significant changes in the spatial
distribution of ions within the electrolyte model were
observed, as illustrated in Fig. 2. The initial model, con-
structed using a Monte Carlo-based method, exhibited a
homogeneous spatial arrangement of the PEC backbone and
both ion species (Li' and TFSI"). However, after extensive
2000 ps NVT MD simulations, a substantial fraction of TFSI
anions migrated toward the TiO, surface, forming a distinct
interfacial region. This behaviour indicates a strong adsorp-
tion affinity of the rutile TiO, (110) surface for TFSI anions.
Concurrently, partial displacement of the PEC backbone
toward the TiO, surface was observed, albeit to a lesser extent
compared to the TFSI anions. The adsorbed TFSI anions and
PEC segments collectively formed an interface, leaving a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TiO,-filled PEC/LITFSI SCE models under different conditions: (a)
initial configuration of the 40 mol% model; (b) 40 mol% model after
2000 ps NVT MD simulation; (c) initial configuration of the 120 mol%
model; and (d) 120 mol% model after 2000 ps NVT MD simulation. TFSI
anions are shown in green, PEC chains in grey and Li cations in purple.

narrow gap between this interface and the bulk region, corres-
ponding to a SCL. In contrast, Li cations were predominantly
localized within the bulk and SCL regions, avoiding proximity
to the TiO, surface.

The RDFs of Li cations in PEC/LIiTFSI electrolytes were cal-
culated before and after TiO, addition, as shown in Fig. 3.
Oxygen atoms from TFSI anions were denoted as O(TFSI),
while carbonyl oxygen atoms from PEC were labelled as
O(PEC). The results show a significant reduction in the coordi-
nation number (CN) between Li cations and O(TFSI) in both
40 mol% and 120 mol% salt concentration systems following
TiO, incorporation. This reduction indicates that TiO, effec-
tively suppresses Li-O(TFSI) coordination, thereby promoting
Li" dissociation within the electrolyte. Additionally, a right-
ward shift of the second RDF peak is observed in TiO,-contain-
ing systems, reflecting increased distances between TFSI
anions, which is consistent with the formation of interfacial
gaps in the model. For O(PEC), at a 40 mol% salt concen-
tration, TiO, addition enhances Li-PEC interactions, evi-
denced by a leftward shift of the first RDF peak, suggesting
stronger coordination. However, at 120 mol% salt concen-
tration, the observation is counterintuitive and warrants
further investigation: Li cations appear to completely lose
interaction with PEC carbonyl oxygen atoms. This observation
suggests that, within this interfacial system, the coordination
environment of Li cations is dominated solely by O(TFSI).

In addition, we calculated the RDFs between Ti atoms on
the TiO, (110) surface and the two types of oxygen atoms,
O(TFSI) from TFSI anions and O(PEC) from the polymer, as
shown in Fig. 4. The RDF profiles reveal that Ti exhibits
adsorption interactions with both O(TFSI) and O(PEC), with a
notably stronger affinity for O(TFSI). As the salt concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 RDFs simulated for PEC/LITFSI SPE and TiO,-filled SCE models
between Li cations and oxygen atoms from (a) carbonyl groups in
polymer chains and (b) TFSI anions. RDF curves are coloured based on
salt concentration: 40 mol% SCE (black), 120 mol% SCE (red), 40 mol%
SPE (blue) and 120 mol% SPE (green).
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Fig. 4 RDFs simulated for TiO,-filled PEC/LITFSI SCE models between
Ti atoms and oxygen atoms from (a) carbonyl groups in polymer chains
and (b) TFSI anions. RDF curves are coloured based on salt concen-
tration: 40 mol% (black) and 120 mol% (red).

increases from 40 mol% to 120 mol%, the adsorption of
O(TFSI) is further enhanced, while the interaction with O(PEC)
weakens. This trend is attributed to the increased relative
abundance of TFSI anions at higher salt concentrations.
Furthermore, the adsorption distances between Ti and both
O(TFSI) and O(PEC) are approximately 2.7 A, which is notably
longer than the average Ti-O bond length within the rutile
TiO, lattice (1.96 A),** suggesting physisorption rather than
chemisorption.

Based on the RDF data, we further calculated the CNs of Li
cations corresponding to each RDF curve, as summarized in
Table S1.1 Following TiO, addition, the total CNs of Li cations
decrease to 2.61 (40 mol%) and 1.79 (120 mol%), compared to
4.03 and 3.85 in the TiO,-free systems. At a salt concentration
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of 40 mol%, TiO, addition sharply reduces the Li-O(TFSI) CN
from 2.97 to 1.39, while slightly increasing the Li-O(PEC) CN
from 1.06 to 1.22. In contrast, at 120 mol% salt concentration,
TiO, incorporation significantly decreases both Li-O(TFSI) and
Li-O(PEC) CNs, with the latter dropping to 0. These reductions
indicate weakened coordination interactions, which are
expected to enhance Li* mobility. The formation of the SCL
likely facilitates low-resistance hopping migration of Li
cations, thereby improving ionic conductivity.*>*® Notably, in
the 120 mol% SCE system, Li' migration through the SCL
occurs with minimal interaction with PEC, deviating from con-
ventional hopping mechanisms. Additionally, the Ti-O(TFSI)
CNs are 1.01 and 1.26 for the 40 mol% and 120 mol% systems,
respectively, while the Ti-O(PEC) CNs decrease from 0.46 to
0.23. Notably, the total number of adsorbed oxygen atoms
(from both TFSI anions and PEC) per surface Ti atom remains
nearly constant at approximately 1.5 across both concen-
trations, suggesting that the overall adsorption capacity is
robust and largely unaffected by salt concentration.

Due to Ti-induced adsorption interactions, the mobility of
TFSI anions is inevitably impacted. To quantify this effect,
TFSI anions were classified into two groups based on whether
their oxygen atoms were adsorbed by Ti: TFSI(interface) and
TFSI(bulk). The MSDs of Li" and both TFSI~ groups in the
TiO,-containing PEC/LIiTFSI system were subsequently calcu-
lated, as shown in Fig. 5. The results demonstrate that Li
cations exhibit the highest MSD, followed by TFSI(bulk), while
TFSI(interface) displays a significantly lower MSD than both,
indicating restricted mobility due to surface adsorption.

Using the MSD data, we further calculated the ionic con-
ductivity and transport numbers for each ion species. The log-
arithmic conductivity denoted as log ¢ and transport number
results are summarized in Tables S2 and S3.f The results
reveal that TiO, incorporation significantly enhances Li* con-
ductivity. Notably, at a 40 mol% salt concentration, the Li"
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Fig. 5 MSDs simulated for TiO,-filled PEC/LITFSI SCE models under
different conditions. Data are shown for Li* at salt concentrations of
40 mol% (black) and 120 mol% (red), TFSI(bulk) at salt concentrations of
40 mol% (blue) and 120 mol% (dark yellow), and TFSl(interface) at salt
concentrations of 40 mol% (purple) and 120 mol% (orange).
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conductivity (2.12 x 107* S cm™") exceeds that of the TiO,-free
system at 120 mol%. Furthermore, the influence of salt con-
centration on Li" conductivity is markedly reduced in TiO,-
containing systems. Given the previously discussed stability of
Ti adsorption interactions, the SCLs formed at 40 mol% and
120 mol% likely exhibit similar electrochemical properties,
resulting in comparable resistance to Li" migration. In con-
trast, TFSI” conductivity decreases substantially upon TiO,
addition. For TFSI(bulk), conductivity drops by approximately
20% at 40 mol% and 35% at 120 mol%, showing a clear
declining trend. This decline may be attributed to the for-
mation of the SCL, which compresses the free volume available
for TFSI anions from the interface side. Reductions are even
more pronounced for TFSI(interface), with conductivity
decreasing by 53% at 40 mol% and 88% at 120 mol%, respect-
ively. In TiO,-free systems, the Li" transport numbers are 0.33
(40 mol%) and 0.55 (120 mol%). Upon TiO, addition, these
values increase sharply to 0.79 (40 mol%) and 0.85
(120 mol%), indicating that TiO, suppresses anion migration,
thereby altering the conduction mechanism and significantly
enhancing the Li" transport number.

Conclusions

In this study, MD simulations were employed to investigate the
effects of rutile-TiO, incorporation on the interfacial structure
and its subsequent influence on ionic coordination environ-
ments and mobility within PEC/LIiTFSI electrolytes. Based on
the simulation results, we propose that the addition of TiO,
nanoparticles induces the formation of interfacial regions with
reduced resistance and enhanced Li' transport properties
within the PEC/LiTFSI SPE system. In the absence of TiO,, Li
cations migrate via hopping mechanisms governed by the
dynamic formation and dissociation of coordination with the
PEC backbone and TFSI anions. However, upon encountering
TiO, nanoparticles, the presence of SCLs alters the ion trans-
port pathway, leading Li cations to migrate preferentially via a
modified hopping mechanism. In highly concentrated SCEs,
Li" migration within the interfacial region involves only 1 or 2
TFSI anions in each dynamic process. It is important to note
that, although the simulations yielded high ionic conductivity
and a Li" transport number of up to 0.85, the constructed SCE
models represent interfacial regions in close contact with TiO,
nanoparticles. These models thus characterize the local
environment rather than the entire TiO,-filled composite elec-
trolytes. The significantly improved ionic conductivity and
elevated Li' transport number observed in the interfacial
regions of SCEs are attributed to the optimized interfacial
pathways, which facilitate more efficient Li* migration com-
pared to the TiO,-free systems. These effects highlight the
potential of rutile TiO, nanoparticles in addressing critical
challenges in solid-state batteries, including energy density
limitations and safety concerns. The atomic-scale insights pro-
vided by this work underscore the importance of filler-engin-
eered interfaces in optimizing polymer-based electrolytes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Future studies should focus on extending MD simulations to
investigate surface defects and long-term interfacial stability,
which could further advance the design of high-performance,
durable solid-state battery systems.
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