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ABSTRACT: The question of whether silica nanoparticles can enhance the ionic conductivity
of a polymer electrolyte above its crystallization temperature has remained unclear for the two
decades following the first experiments on these systems. We use Molecular Dynamics simulations
to decipher the atomic scale mechanisms affecting the properties of LiTFSI-poly(ethylene oxide)
electrolytes upon the addition of silica nanoparticles. At any ionic concentration, adding nanopar-
ticles significantly decreases the conductivity. Most of this reduction can be simply accounted for
by the diffusion equation, resulting from the fact that the space occupied by the nanoparticles is
made inactive and unable to sustain ionic diffusion. We identify two distinct regimes, above and
below a concentration threshold, corresponding to very different ionic distributions and coordination
features of the various species. The lack of conductivity enhancement observed in the simulations
supports the conclusions of some recent measurements, and disagrees with the earliest experimental
reports on hybrid silica/polyethylene-oxide electrolytes.

I. INTRODUCTION

Developing safer and more efficient batteries has be-
come a top research priority in the quest to decrease fos-
sil fuel use [1–3]. A particularly promising direction is
the use of lithium-metal anodes, which have a theoreti-
cally much higher energy density storage capacity than
the conventionally used graphite ones [4, 5]. However,
the lithium-metal anode presents several problems when
combined with conventional liquid electrolytes (LE) [4]:
LEs are unable to suppress Li plating and the forma-
tion of dendrites, which produces internal short circuits
and reduces the efficiency [6–9]. LEs are also undesirable
because of their high flammability and the risk of leak-
age [10–12]. In contrast, solid-state electrolytes (SSEs)
can avoid such problems [11, 13]. The two main cate-
gories of solid electrolytes are solid polymer electrolytes
(SPEs) and ceramic electrolytes (CEs). CEs avoid the
safety issues coming from the LEs, and present a high
ionic conductivity at room temperature, but their brittle
nature makes them hard to process and prone to contact
problems with the electrodes [14] In contrast, SPEs are
flexible, easy to manufacture, cheap, and present a better
contact with the electrodes [15, 16].

The main drawback of SPEs is that their ionic con-
ductivity is much lower than the other available options
at room temperature. As an example, PEO-based SPEs
have a conductivity of about 10−7 to 10−5 S/m at room
temperature [17, 18], while the most commonly used CEs
such as NASICON-type LATP (Li1+xAlxTi2−x(PO4)3),
and LAGP (Li1+xAlxGe2−x(PO4)3) [19, 20], garnet-type
CEs like LLZO (Li7La3Zr2O12) [21], and perovskite-type
CEs as LLTO (Li3xLa(2/3)−xTiO3) [22], have an ionic

conductivity of about 10−5 to 10−3 S/m. This is still low
in comparison with the LEs ionic conductivities, which
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can reach up to 1 S/m [23].
Hybrid solid electrolytes (HSE) offer a solution to the

limitations of both solid polymer electrolytes (SPEs) and
ceramic electrolytes (CEs). By combining both materi-
als, HSEs can potentially provide the advantages of each
while overcoming their individual drawbacks [17, 24–26].
HSEs show great potential as electrolyte candidates due
to their ability to combine the mechanical properties and
processability of polymers with the enhanced ionic con-
ductivity provided by ceramic fillers. Although research
on these hybrid materials began two decades ago [25], it
remains a subject of debate today due to the inconsistent
and contradictory results found in the literature.
On the experimental side, various publications sup-

port the hypothesis that HSEs enhance ionic conduc-
tivity, with both active [24] and passive fillers [25, 27–
35] showing promising results. Regarding passive fillers,
most of the studies reporting conductivity enhancement
date back by two decades. Two main complementary
hypotheses have been proposed to explain this behav-
ior. It is well-established that adding ceramic nanoparti-
cles to semi-crystalline PEO decreases the degree of crys-
tallinity of the system [36–39]. The amorphous phase re-
sulting from this effect favors ion transport through the
bulk, enhancing the global conductivity. This idea has re-
ceived broad acceptance in the literature. However, the
nanoparticles seemed to enhance the conductivity of the
polymers even above the melting temperature (Tm) [35].
This first hypothesis therefore does not fully explain the
effect of the nanoparticles observed in [24, 25].
The complementary hypothesis is that the addition of

nanoparticles leads to the formation of an interphase
between the bulk SPE and the nanoparticle surface
[24, 36, 40]. In this region, the PEO matrix is reorga-
nized, creating free spaces that promote ion mobility and
leading to the formation of a charge-space region due to
the contact with the ceramic surface, further enhancing
the ionic conductivity in this surfacial region.
Some recent studies, however, have contradicted this
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Figure 1. Typical views of the investigated systems visual-
ized by VMD [53]. (a) Snapshot of the full system com-
prising all the elements: lithium, TFSI, SiO2 nanoparticle,
and PEO. Each element is separately shown in the following
panels; (b) SiO2 with hydrogen (white), oxygen (yellow) and
silicon (orange); (c) Snapshot of the PEO, with the oxygen
atoms (purple) coordinating with the lithium ions (red); (d)
The TFSI anion with nitrogen (blue), sulfur (yellow), oxygen
(red), carbon (white) and fluorine (green) atoms, respectively.
The force field employed in the MD simulations and the tools
used to initialize the different investigated systems and per-
form the simulations are discussed in the main text.

hypothesis, highlighting a negative effect of the nanopar-
ticles on the dynamics of the electrolyte [41–47], and cre-
ating a debate about the existence and the origin of this
enhancement of the conductivity. Humidity dependent
water uptake has also been found to play an important
and non-trivial role in the change of conductivity, both
with and without nanoparticle addition [47].

In recent years, computational methods have proven
to be a valuable tool for gaining insight into the struc-
tural and dynamic properties of polymeric systems [48].
Some Molecular Dynamics (MD) simulations have been
performed on bulk PEO-LiTFSI , but did not consider
the effect of the addition of fillers. Instead, they focused
on studying the dynamics of both ions and polymers,
as well as the local coordination features [49, 50]. De-
spite the substantial literature on experimental research
in this field, computational studies are scarce, probably
due to the extremely complex nature of HSEs. Although
some computational studies have reported an increase in
the conductivity [51] when adding nanoparticles, others
have reported the opposite effect [52]. This abundance of
conflicting reports about HSEs shows that the literature
about this topic is still unclear and inconsistent.

Here, we use Molecular Dynamics (MD) simulations to

investigate the properties of PEO-matrix HSEs with SiO2

as a passive filler, across a range of ceramic and ionic con-
centrations, geometries, and temperatures. By running
MD simulations at temperatures above the Tm of PEO
we ensure that any possible effect originating from the
polymer’s crystallinity is eliminated. PEO-based SPEs
are most widely studied due to their low glass transition
temperature (Tg), high solvation properties and excel-
lent interfacial compatibility with electrodes [54–59]. We
have chosen SiO2 nanoparticles as the filler, due to its
low cost, ease of manufacture, high stability, and acidic
surface termination [25, 42, 60]. We have selected lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) as the salt,
because of its widespread use with PEO in SPEs, high
chemical stability, and high dissociation in PEO [61–66].
Although prior computational studies have investi-

gated HSEs [51, 52, 67], to the best of our knowledge
none has focused on the use of SiO2 as a filler. Further-
more, previous works have mainly focused on the trans-
port pathways of lithium, given its close interaction with
PEO, whereas we provide a broader understanding of the
system, studying the dynamical and structural proper-
ties for a wide range of ionic and ceramic concentrations,
and relating the individual conductivities and the trans-
ference number to the coordination number of the dif-
ferent moieties. This work also elucidates the structural
effects of adding nanoparticles, particularly the interac-
tion between the SPE and the surface of the ceramic
nanoparticles. Our simulations provide atomic-level in-
sight into the structure and dynamics of HSEs, shedding
light on the behavior of the intermediate phase between
the SPE and the nanoparticle surface. These findings
provide important fundamental understanding on the be-
havior of HSEs, which can contribute to the design of
high-performance solid electrolytes for advanced energy
storage systems.

II. COMPUTATIONAL METHODS

A. System components and the force field

We have considered a model hybrid electrolyte consist-
ing of PEO, TFSI, Li, and SiO2 nanoparticles. Snapshots
of all elements are shown in Fig. 1. The PEO polymer
chain consists of 20 ethylene oxide (EO) units and two
hydroxyl terminations, for a total of nPEO = 143 atoms.
(We note that the PEO entanglement length is about
Ne = 46 [68].). The spherical SiO2 nano-particle has a
radius RSiO2

= 12 Å, and comprises nSiO2
= 447 atoms.

The cation, Li+ has a charge Q+ = γe with γ = 0.8, as
customary in non-polarizable force fields, while the anion,
TFSI−, is formed by nTFSI = 15 atoms and has a total
charge Q− = −Q+. The number of the different com-
ponents can be tuned in order to explore different rela-
tive concentration conditions. In all simulations we have
kept constant the number of PEO chains, NPEO=100,
and considered a large range of conditions varying both
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the salt content per polymer chain, λ (Li:PEO), and the
silica nanoparticles volume fraction, ΦSiO2

= VSiO2
/V ,

with VSiO2
≃ 7238 Å3 and V the volume of the simula-

tion box.
We have employed the OPLS all-atom force field

(OPLS-AA-FF), an empirical, non-polarizable model
originally developed for organic molecules and pep-
tides [69]. However, due to its accuracy and efficiency,
this classical force field has been widely adopted in many
areas of polymer science [70], ranging from battery ap-
plications to pharmacological research [71, 72]. The non-
bonded interaction pair potential between two atoms i
and j of types α and β, at positions r⃗i and r⃗j , is the
standard sum of a Lennard Jones and a Coulomb poten-
tials,

Vpair(r) = VLJ(r) + VC(r) (1)

= 4ϵαβ

[(σαβ

r

)12

−
(σαβ

r

)6
]
+

Cqαi q
β
j

ϵor
,

where r = |r⃗i− r⃗j | is the distance, qαi and qβj the charges,

and ϵo is the vacuum permittivity. (C is an energy con-
version constant.) The employed FF parameters are in-
dicated in Tab. S1. We applied the Lorentz-Berthelot
mixing rules for the LJ coefficients, ϵαβ =

√
ϵαϵβ and

σαβ = (σα + σβ) /2. We have truncated the terms in

Eq. (1) at a cutoff distance rc =10 Å, while the long-range
part of the Coulomb interactions have been computed
with a particle-particle particle-mesh solver(PPPM) [73],
with a relative RMS error in the per-atom forces of 10−4.

Atoms within macro-molecules interact with neighbors
separated by up to three bonds via an intramolecular
potential, Vintra = V b + V a + V d, sum of a stretching,
bending and dihedral torsion terms,

V b
ij = K|r⃗ij − r⃗0|2

V a
ijk = K(θijk − θ0)

2 (2)

V d
ijkl =

1

2
K1 [1 + cos(ϕijkl)] +

1

2
K2 [1− cos(2ϕijkl)]

+
1

2
K3 [1 + cos(3ϕijkl)] +

1

2
K4 [1− cos(4ϕijkl)] .

The values of the parameters in Eq. (2) are reported in
the Tabs. S2 and S3. We used the standard method of
excluding or reducing the pair interactions of Eq. (1) by
setting weighting coefficients (wb, wa, wd) = (0, 0, 1/2)
for atoms involved in Eq. (2), while w = 1 for further
atoms.

B. Simulation procedure

Molecular dynamics simulations were carried out using
the LAMMPS [74] simulation package, applying periodic
boundary conditions in the three dimensions. All sim-
ulations were conducted in the (NPT)-ensemble with a
time-step δt = 1 fs, employing the Nose-Hoover thermo-
stat and barostat with damping times of 102 and 103

time steps, for temperature and pressure respectively.
The systems were initialized from structures generated
with CHARMM-GUI [75]. We considered a large number
of independent configurations, by varying both both the
salt concentration, c, and the silica nanoparticles volume
fraction, ΦSiO2 , in an extended range of temperatures, T .
These were all subjected to an annealing period of 2 ns
at T = 1000 K, followed by a 1 ns run where the temper-
ature was decreased to the desired value. The systems
were next further annealed, linearly raising the tempera-
ture to T=1000 K in 1 ns, followed by an additional 2 ns
at this temperature. T was finally lowered to the final
value over 1 ns. We repeated the above annealing process
twice, to eliminate any memory of the the initial config-
uration. The system was finally further equilibrated for
8 ns, followed by the 60 ns production runs, where we
collected the systems configurations for the analysis.

C. Measured observables

We now introduce the structural and dynamical quan-
tities that we will discuss below, expressed at the micro-
scopic level in terms of the atomic system coordinates.
The pair distribution function, g(r), is a fundamental
tool in the characterization of the structure of liquids,
where the absence of long-range order makes traditional
crystallographic methods impractical. Here we will focus
on the partial gαβ(r), which quantifies the probability of
finding a particle of type β at a distance r from a refer-
ence particle of type α,

gαβ(r) =
V

NαNβ

Nα∑
i=1

Nβ∑
j=1

⟨δ(r − |r⃗j − r⃗i|)⟩. (3)

Here, Nα and Nβ are the number of atoms of type α and
β, respectively, and V is the volume of the simulation
box. The gαβ(r) are determined by populating a his-
togram with the distances between all pairs of particles.
Even though the g(r) contains information on both short
and long-range spatial correlations, we will focus on the
information pertaining to distances that encompass the
first main peak of these functions, corresponding to the
first coordination shell of the reference atom. We are, in
particular, interested in the coordination numbers,

Cβ(α) =
4πNβ

V

∫ rm

0

dr r2gαβ(r), (4)

where rm is the distance at which the first minimum of
gαβ(r) occurs. The Cβ(α) count the number of near-
est neighbors atoms of type β around particles of type
α, and are an important measure of the local structure,
providing valuable insight into the packing and bond-
ing features of atoms in a material. This is particularly
relevant in the present context, where the coordination
environment of the mobile ions can strongly affect the
ionic conductivity.
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Our discussion of ionic transport in the investigated
materials is mainly based on diffusion data. We have
calculated the mean squared displacement of ion of type
α = + or -, defined as

⟨r2α(t)⟩ =
1

Nα
⟨
Nα∑
i=1

|r⃗i(t)− r⃗ i(0)|2⟩, (5)

where r⃗i(t) is the position of atom i, at time t, and ⟨⟩ is
an average over the MD trajectory. At short times, the
mean squared displacement varies as t2 (ballistic regime),
followed by a crossover to the long-times linear(Fickian)
regime [76], where one can extract the self-diffusion coef-
ficient from the Einstein relation (in three dimensions),

Dα = lim
t→∞

⟨r2α(t)⟩
6t

. (6)

This is a crucial quantity that allows us to determine the
ionic conductivity in the Nernst-Einstein approximation,

σNE = σ =
Npair

V kBT
(Q2

+D+ +Q2
−D−) = σ+ + σ−, (7)

where Npair is the number of ion pairs, Q+ and Q− are
the total charges on the cation and anion, and D+ and
D− are the diffusion coefficients of the cation and anion,
respectively. σ+ and σ− are the contributions to σ as-
sociated to the cations and anions, respectively. Eq. (7)
is only accurate in the limit of low ionic concentration,
missing all contributions coming from charge fluctuations
that could be relevant in our context. Based on many
other works, however, we only expect quantitative mod-
ifications from much more complex calculations taking
into account collective effects, which does not spoil the
consistent qualitative picture based on Eq. (7).

We have finally determined the cation transference
number, which accounts for the contribution of lithium
to the total ionic transport and is defined as,

t+ =
σ+

σ+ + σ−
. (8)

Note that t+ is a critical parameter to be optimized in or-
der to enhance the overall efficiency of the energy storage
systems of interest here.

III. RESULTS

A. Effect of temperature and comparison to
experiments

We start the discussion by testing our MD transport
data versus available experimental measurements. Al-
though we do not expect quantitative agreement between
the two sets of data, due to our crude FF which disre-
gards polarization effects among other possibly impor-
tant mechanisms, previous studies are reassuring about

1.5 2.0 2.5 3.0 3.5
1000/T (K 1)

10 3

10 1

 (S
/m

)

[Maurel et al]

This work
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25:1
20:1
15:1
10:1
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25:1 5%Vol SiO2
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Figure 2. Arrhenius plot of the ionic conductivity, σ(T ), as
a function of the inverse temperature, for the indicated sys-
tems compositions. The MD data (open symbols) have been
calculated from Eq. (7), both for the pure system and the hy-
brid electrolyte. The experimental data have been obtained
by electrochemical impedance spectroscopy (EIS) in Ref. [18].
These data are discussed at length in the main text.

the degree of realism of our modeling detail. In Fig. 2
we show a comparison of the conductivity calculated from
Eq. (7) (open symbols) with the experimental data of [18]
(closed symbols, no nanoparticles) on completely amor-
phous PEO, at the the indicated TFSi concentrations.
We note that above the melting temperature, Tm ≃

65oC (the melting temperature of the salt in the poly-
mer matrix can vary, but it is typically in the range
of 60 to 80 oC for PEO-based electrolytes with LiTFSI
concentrations commonly used in battery applications),
the numerical data are in good qualitative agreement
with the experimental conductivities. In particular both
sets of data follow an Arrhenius-like behavior, σ(T ) =
σ∞ exp{∆E/R T}, with very similar values of the acti-
vation energy ∆E ≃ 32.39 J/mol, while the prefactor,
σ∞, is slightly higher for the simulation data. This dis-
crepancy is not surprising if one notes that the size of the
PEO chains investigated in experiments (> 106 g/mol) is
much larger than the one of the model chain considered
here (∼ 103 g/mol). This already explains the slight dis-
parity in conductivity, since smaller chains exhibit higher
mobilities and, indeed, the difference in diffusion corre-
sponding to these two sizes is found to be about a factor
of 2 [77].
The simulation results follow the same Arrhenius be-

havior in the entire investigated T -range, even below Tm.
This is at variance with the experimental data, where a
clear crossover to an exponential behavior with a sub-
stantially higher ∆E appears. This is, again, not sur-
prising, since MD simulations are limited in timescale
and unable to accurately capture the freezing process
mainly due to the entanglement of the polymer chains,
yielding a liquid-like behavior even at temperatures be-
low Tm. We observe the same temperature dependence
when SiO2 nanoparticles at the indicated concentrations
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Figure 3. T -dependence of the indicated coordination num-
bers, Cβ(α), calculated from Eq. (4). We recall that Cβ(α)
counts the number of nearest neighbors atoms of type β
around a particle of type α. The ionic concentration was
fixed to λ∗ = 3.2, which corresponds to the maximum of con-
ductivity, as discussed in the following. A 2% in volume silica
nanoparticles content was included in the system. These data
are discussed in depth in the main text.

are included in the simulations, although no equivalent
experimental data are available in this case. All together,
our model seems to reasonably catch the main features of
the macroscopic ionic transport in the actual electrolyte,
both above and close to Tm.

The above conductivity behavior must correspond to
substantial modifications of the coordination properties
of both co-ions. In Fig. 3 we show the T-dependence
of the coordination numbers, Cβ(α) (Eq. (4)), among
lithium, oxygens in TFSI and PEO, and hydrogens of
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Figure 4. Self-diffusion coefficient calculated from Eqs. (5)
and (6) for Li+ (a), and TFSI− (b), respectively, as a function
of the SiO2 nanoparticles volume fraction, at the indicated
values of the ionic concentration, and at T =600 K. In (c)
we plot the transference number calculated from Eq. (8) as a
function of the SiO2 content.

PEO and SiO2. (See Tab. S1 for reference.) These atoms
play a major role in the inter-molecular interactions, due
to their privileged position in the macro-molecules they
pertain to, or to their high partial charges values. The
ionic concentration is fixed to λ∗ = 3.2, which corre-
sponds to the maximum of conductivity, as we will see
below. A ΦSiO2

= 2% in volume silica nanoparticles con-
tent was included in the system.

We start by noticing that all Cβ(α) exhibit
monotonous behaviors in the entire T -range, without the
appearance of any significant distinct abrupt features,
pointing toward continuous structural modifications with
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Figure 5. Main panel: Conductivity as a function of volume
fraction of SiO2 at 600 K. The open symbols are the MD data,
the dashed line corresponds to the finite elements approxima-
tion to the diffusion equation, discussed at length in the main
text, for the concentration λ =4.17. Inset: same MD data as
in the main panel, normalized as σ(λ)/σ(λ = 0). These data
are discussed in depth in the main text.

T . In Fig. 3(a) we can observe that, despite the presence
of the silica nanoparticles, the lithium ion strongly co-
ordinates, on average, with ≃ 5.5 O-atoms pertaining to
the PEO chains at ambient temperature, a number which
only slightly decreases to ≃ 4.5 at the highest tempera-
tures. The situation for the anions is similar although
even more pronounced, with an average number of sur-
rounding HPEO ≃ 6 at ambient T decreasing of more
than a factor of 2 at the highest T . These numbers are
in agreement with previous studies [49, 78–80] of the
pristine system, and point to the well known situation
where the formation of ion pairs is inhibited by an over-
whelmingly high coordination of both co-ions with the
PEO.

Interestingly, the addition of nanoparticles only has
minor (although interesting) effects on the anion coordi-
nation. Indeed, at ambient temperature, a few TFSi are
adsorbed at the surface of the nanoparticles (Fig. 3(b)),
while the content of PEO and Li directly coordinating
with silica is negligible in the entire T -range (Fig. 3(c)).
By increasing T , those anions increasingly desorb from
the solid surface (Fig. 3(b), red symbols) and progres-
sively enter the co-ion coordination sphere (Fig. 3(b),
black symbols) allowing the formation of a small amount
of ion pairs. We note that, despite the above modifica-
tions, most part of the Li-ions remain dissolved in the
polymer, resulting in a substantial increase with temper-
ature in both atomic diffusion coefficients and material
conductivity, due to the enhanced thermal energy.

Overall these data seem to suggest that the modifi-
cations induced by the interaction of the ions with a
fixed amount of nanoparticles active surface are small,
although non negligible, and substantially overwhelmed

by the variations induced by temperature. In the fol-
lowing we attempt to complete the general picture, by
modulating both the nanoparticles content and the ions
concentration (charge loading), by keeping T constant.

B. Impact of SiO2 nanoparticles volume fraction

In Fig. 4 we show the impact of the SiO2 nanoparticles
volume fraction on the diffusion coefficient, Eq. (6), at the
indicated ionic concentrations, λ = 3.2 , 3.9 and 4.2 at
T =600 K, for Li and TFSi in Fig. 4(a) and (b), respec-
tively. (The point at the origin consistently corresponds
to the pristine solid electrolyte, without nanoparticles.
We also note that λ∗ = 3.2 corresponds to a concentra-
tion c∗ = 2 mol/l.) The latter two values of λ slightly
exceed λ∗, allowing us to investigate changes at the tran-
sition to the saturated regime, that we define below. We
first observe that the anion diffusion is consistently higher
than that associated to the cation, a feature common to
many electrolytes. In addition, in all cases we find that
enhancing the silica content degrades the ionic diffusiv-
ity, for both ions. The transference numbers calculated
from Eq. (8) (Fig. 4(c)), in contrast, keep constant values
between 0.2 and 0.3, indicating that the relative contri-
butions of the co-ions to transport are not significantly
modified in HSEs compared to the SPE in the entire in-
vestigated ΦSiO2

-range.

In Fig. 5 we show the dependence of the electrolyte
conductivity on the silica content, extracted by inserting
the data of Fig. 4 in Eq. (7). These data confirm that
the addition of SiO2 nanoparticles continuously degrades
the ionic conductivity of the hybrid material, halving the
value pertaining to the pristine material at the highest
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 (S
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5% Vol SiO2
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Figure 6. Conductivity, σ, as a function of the ionic concen-
tration at the investigated values of SiO2 loading. σ for the
pristine case is also shown, for reference. The vertical dashed
line indicates the optimal concentration λ∗ = 3.2 (c∗ ≃ 2
mol/l) corresponding to the maximum of σ. These data are
discussed at length in the main text.
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Figure 7. Transference number of lithium as a function of
ionic concentration for the same systems than those in Fig. 6.

silica contents (see the normalized σ(Φ)/σ(0) in the in-
set). The origin of this behavior can be traced back to an
apparently simple mechanism. Indeed, the dashed line in
Fig. 5 is a finite-elements solution of a diffusion equation
for an ionic concentration of Li:PEO=4.2, where we treat
the SiO2 nanoparticles as a portion of space inaccessible
to ions, in the shape of spherical cavities arranged as a
simple cubic lattice inside the diffusive medium. (We
have employed the NDSolve function in Mathematica
11.13 [81], to solve the Laplace equation in the ”Implic-
itRegion” between the four faces of a cube of side L, and
the surface of a sphere of radius r < L/2 centered in the
middle of the cube. We have used Dirichlet boundary
conditions to ensure a zero gradient perpendicular to the
sphere surface or to the four cube faces perpendicular
to transport, and a finite gradient perpendicular to the
other two cube surfaces.)

Remarkably, this simple model exhibits a trend very
close to our MD simulation data (open squares), al-
though systematically slightly higher. Other analytical
and numerical approximations for the conductivity of
a suspension of empty spheres also provide similar re-
sults [82]. Also, recent experimental measurements on
well-dispersed polymer nanocomposites have reported re-
ductions of σ below the Maxwell or Bruggeman models
[83], suggesting the existence of additional effects related
to hindered segmental motion of the polymer in the prox-
imity of the nanoparticles [43], which is consistent with
the MD simulations of [52].

In our simulations, the observed detrimental effect on
the conductivity due to the addition of the nanoparti-
cles hence seems to consist in a mere geometrical effect,
due to the excluded volume represented by the nanopar-
ticles themselves and unavailable to ionic diffusion. This
is at variance with the competing possibility that trans-
port could be influenced by the interaction of ions with
the atoms localized at the available solid active surface
[35, 84, 85]. We note at this point that the above find-

ings are corroborated by recent work, including [41] that
reports experimental data on several active ceramics,
reaching the conclusion that the addition of nanopar-
ticles does not enhance the conductivity of the poly-
meric electrolyte. Other studies on passive ceramics, such
as [86, 87], provide further evidences in the same direc-
tion. In [86] , for instance, it was demonstrated that
the incorporation of a 30% volume fraction of ceramic
nanoparticles resulted in a conductivity decrease of 60%
compared to the pristine value. And, indeed, this value
is very close to what we can expect in our system for a
30% volume content of SiO2.

C. Effect of ion concentration

We improve the above picture by investigating the ion
concentration impact on transport at fixed nanoparticles
concentration, ΦSiO2

. In Fig. 6 we show the dependence
of conductivity on ionic concentration, at the indicated
values of the nanoparticles content and for the pristine
material (black closed triangles). σ conforms to what is
generally expected for electrolytes in this range of con-
centrations, increasing at low λ due to the addition of
free ions (low concentration regime, LC), going through
a maximum at λ∗ (equivalent to c∗ = 2 mol/L, in agree-
ment with [78]), and eventually decreasing at high λ (high
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Figure 8. Conductivity and diffusivity as a function of ionic
concentration for lithium (solid lines) and TFSI (dashed
lines).
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and lithium, (d) oxygen of TFSI and hydrogen of PEO, (e) oxygen of PEO and lithium, (f) hydrogen of PEO and oxygen of
TFSI. The four different colors correspond to the same loadings as in Fig. 6 (see inset).

concentration regime, HC), due to the formation of an
increasingly high number of neutral ion pairs, which do
not contribute to σ. The hybrid systems show a simi-
lar qualitative picture, keeping the same general behav-
ior at all silica concentrations. Interestingly, while the
optimal concentration is unchanged when gradually in-
creasing the nanoparticle content up to 10% in volume, σ
decreases consistently. Here, again, even in ionic loading
conditions where σ is optimal, the pristine system seems
to be the most efficient choice when high conductivity is
required.

Remarkably, we find a quite complex behavior of the
transference numbers, that we show in Fig. 7, at the in-
dicated values of nanoparticles loading. t+ assumes a
constant value in the range λ ≃ 0.5 to 1.50, at low λ,
goes through a minimum at the optimal λ∗ where σ is
maximum, and keeps increasing at higher concentrations.
This trend is similar to that obtained in a recent simula-
tion work for bulk PEO [88], which itself confirmed ear-
lier experimental results of [89]. (The quantitative dif-
ferences of about 10% of our data with respect to those

results most probably stem from the neglect of the On-
sager cross terms in the Nernst-Einstein approximation.)

Based on our calculations, we can be specific about the
t+ modifications going from the LC to the HC regimes
through the optimal concentration λ∗. Indeed, the re-
sults of Fig. 7 can be understood by inspecting the indi-
vidual contributions, σ+ (open symbols) and σ− (closed
symbols), shown in Fig. 8(a) at the indicated values of
ΦSiO2 . From these data it is clear that the anions domi-
nate the transport features, not only accounting for more
than 80% of σ(λ∗), but also determining the overall λ-
dependence, see Fig. 6. Interestingly, the conductivity
of lithium follows a different pattern, with a much less
intense maximum at a lower ionic concentration λ̃ ≃ 2.4,
followed by a shallow minimum around λ∗, for eventually
reaching at λ ≃ 6 a high-λ value σ+ ≃ 0.8 S/m (corre-
sponding to a limiting t+ ≃ 1/2 in Fig. 7). This behavior
is mirrored in the ionic concentration dependence of the
diffusivity of the co-ions, Fig. 8(b), with a consistent de-
crease of both quantities going from the LC to the HC
regime, while λ̃ and λ∗ identify the position of inflection
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Figure 10. Coordination number of some species in the coordi-
nation sphere of the surface hydrogens of the SiO2 nanoparti-
cles, for different concentrations of nanoparticles: (a) lithium,
(b) oxygen of TFSI and (c)oxygen of PEO. Dashed lines are
interpolations used as guides for the eyes.

points for D+ and D−, respectively.
The behavior of t+ in Fig. 7 is therefore clear: for

λ < λ̃, both σ+ and σ− increase at constant rates, keep-

ing t+ constant. At the intermediate λ̃ < λ < λ∗, in con-
trast, t+ decreases following the decrease of σ+, reaches
a minimum corresponding to the minimum of σ+ (maxi-
mum of σ−) at λ

∗, and eventually continuously increases
for λ > λ∗, due to an almost constant σ+ and a strongly

decreasing σ−. In the following we correlate λ̃ and λ∗ to
the co-ions coordination features.

In Fig. 9 we show the λ-dependence of the coordi-
nation numbers for the indicated chemical species. For
λ < λ̃, the coordination environment of each lithium ion

is entirely composed by PEO, with ≃ 6 OPEO folding
around each cation (Fig. 9 a)). Therefore, each added
Li+ sequentially traps a (sterically) maximum number
of OPEO (as also clear from the increasing but low value
of CLi(OPEO) in Fig. 9 e)). TFSi behaves similarly
(Figs. 9 d) and f)), with the only difference that now
a slight dependence on ΦSiO2

is visible. Each polymer
strand is therefore increasingly occupied by alternating
co-ions which are completely screened by the PEO and,
therefore, have no possibility to mutually interact, as it
is clear from Figs. 9 b) and c).

Interestingly, λ̃ identifies a sudden change in the co-
ordination mechanism for Li+, with the OPEO cages un-
folding and CLi(OPEO) starting to decrease with λ. Note
that a similar modification occurs for TFSi only at a quite
higher concentration, making λ̃ relevant for the behavior
of the cation only, consistently with Fig. 8. No additional
notable changes occur for λ̃ < λ < λ∗.

λ∗, in contrast, marks two changes for both co-ions.
First, it identifies the salt concentration sufficient to trig-
ger the formation of ion pairs in the HC regime (Figs. 9 b)
and c)), consistent with the incipient decrease of σ. In-
deed, both co-ions are progressively released from the
PEO strands on increasing λ, with a CLi(OPEO) satu-
rating at 1 at λ ≃ 5, while CTFSi(HPEO) goes through
a maximum at the same concentration, for slightly de-
creasing at higher λ. These released charges are now
able to interact strongly, and at the highest investigated
concentration almost all co-ions participate in ion pairs.
(We recall that the coordination number is calculated at
the atomic level, not between the molecular centers of
mass.) Note that we cannot exclude the formation of
larger ionic aggregates, which we would expect to signif-
icantly depend on ΦSiO2

. Those features, unfortunately,
cannot be established on the basis of ΦSiO2

-independent,
very local observables like the Cβ(α).

Second, λ∗ is associated to interesting modifications
in the interaction of both PEO and ions with the silica
nanoparticles, inducing significant modifications of the
resulting structure of the interface. This is clear by in-
spection of the coordination numbers of the indicated
moieties, that we show in Fig. 10. For λ < λ∗, no lithium
ion approaches to the nanoparticle, consistently with the
above observation that, at low charge content, their en-
tire coordination sphere is crowded by atoms pertaining
to the PEO. In the same range the latter, which is ob-
viously strongly adsorbed on the SiO2 at vanishing salt
concentration, rapidly desorbs from the interface, con-
sistently followed by the opposite behavior of the an-
ions. For λ > λ∗, in contrast, the (direct) interaction
of PEO with the nanoparticles is almost negligible, while
the Hnano atoms are on average surrounded by a num-
ber of both ions which is as high as ≃ 0.3 at the highest
concentration. Note that, interestingly, these curves do
not depend on the nanoparticles volume fraction at any
investigated value of λ, signaling a substantial invariance
of the features of the interface with the extent of the
available active surface.
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IV. DISCUSSION

The results described above significantly depart from
previous studies which suggested that nanoparticle incor-
poration improves conductivity above the PEO melting
temperature [24, 25, 31]. Indeed, in contrast with those
findings, we find that SiO2 nanoparticles, at any volume
fraction, actually reduce the conductivity of LiTFSI ions
in PEO. Consequently, the formation of a complex inter-
face at the boundary between the ceramic and the bulk
polymer does not have any positive impact on the con-
ductivity. This conclusion agrees with the experiments
of [43], where significant differences between the earliest
experiments on ceramic HSEs (published more than 20
years ago) and the much more recent reported data have
been highlighted.

Indeed, it exists a considerable body of experimen-
tal work conducted over the past two decades, includ-
ing prominent studies by Croce et al. [25, 32, 35], and
Scrosati et al. [26, 31], that initially supported the notion
that the inclusion of ceramic nanoparticles significantly
enhances the electrolyte ionic conductivity. A lively de-
bate addressed the question of how the chemical nature
of the surface of passive ceramic fillers, including Al2O3

and SiO2, influences the conductivity of the electrolyte.
We note that the dispute also extends to active fillers, as
their influence in bulk SPEs cannot be explained solely
by the bulk properties of the ceramics but rather as an
enhancement arising from the particle-melt interaction,
as described in [24]. Notably, in [35] it was reported that
the degree of acidity of the nanoparticles surface plays an
important role, with acidic surfaces inducing an impor-
tant enhancement of conductivity performances, followed
by neutral surfaces, and mild effects only originating from
basic surfaces. (In this particular case, the experiment
was based on Al2O3, but the same conclusions can be
transferred to the case of SiO2). This positive trend in
experimental findings persisted for quite some time, and
was further substantiated by various other works [25–
35, 84, 85]. Correspondingly much fewer computational
studies, including [51], corroborated these findings.

A more recent wave of research, however, particu-
larly in computational studies, has introduced conflict-
ing outcomes. These computational investigations have
consistently demonstrated a detrimental impact on con-
ductivity due to nanoparticle addition, thereby challeng-
ing the conventional understanding of nanoparticle ef-
fects in HSEs. For instance, [31] has been contradicted
by more recent computational studies [44–46] that have
demonstrated a negative impact of the presence of fillers,
with the most nefarious effect observed exactly in the
acidic case, in complete contradiction with the conclu-
sions of that work. Another dimension of complexity
arises from Fullerton et al. [47], which emphasized the
role of humidity-dependent water uptake on conductiv-
ity. Their experiments revealed that the crystallinity of
polymer electrolytes evolves differently under dry and hu-
mid conditions, ultimately impacting conductivity. This

complexity underscores the critical role of humidity con-
ditions in HSE behavior and raises questions about the
reproducibility and reliability of experimental results in
various environmental settings.

We conclude by noticing that even the extremely lim-
ited number of simulation works that have reported a
positive impact on ionic transport resulting from the in-
clusion of ceramic nanoparticles, ultimately display some
discrepancies when compared to experimental results of
the same sign. For instance, [51] demonstrated a con-
ductivity enhancement of over 50% at room temperature
upon the addition of Al2O3 nanoparticles. However, the
reported structural analysis surprisingly revealed that
the salt tends to form a significant proportion of ionic
pairs already at low ionic concentrations. Consequently,
the conductivity improvement upon nanoparticles inclu-
sion is attributed to their solvation effect on the salt.
In our case solvation already occurs in the pure solid
polymer electrolyte and, as a consequence, the addition
of the SiO2 nanoparticles does not further improve this
property.

V. CONCLUSIONS

In conclusion, our analysis of the structural and dy-
namical properties of the studied systems indicates that
SiO2 is not a suitable candidate for enhancing the con-
ductivity of PEO. The main reason for this is that SiO2

shows limited interaction with the elements in the sim-
ulation. Additionally, while SiO2 does not significantly
affect lithium’s mobility, its presence can cause a slight
adsorption of ions on its surface, leading to a negative im-
pact on the mobility of the counter-ions. As a result, the
overall conductivity decreases. Our calculations demon-
strate that the addition of silica to PEO interferes with
the dynamics of the ions, occupying regions available for
transport in the pristine electrolyte and, consequently,
decreasing ion mobility, contrary to earlier expectations.

Furthermore, our findings indicate that SiO2 fails
to improve conductivity under optimal conditions, i.e.,
when the polymer is entirely amorphous and at the op-
timal concentration. We cannot, however, exclude the
hypothesis that the addition of SiO2 may enhance the
ionic conductivity when the polymer exhibits a crys-
talline phase, by reducing the polymer’s crystallinity.

In summary, we have shed light on the limitations of
SiO2 as an enhancer for PEO conductivity, highlighting
the importance of the polymer’s state and concentra-
tion, in nanocomposite electrolytes. While SiO2 may not
prove beneficial in some contexts, it remains a valuable
area of investigation for future advancements in hybrid
electrolyte research. Further research may reveal how to
leverage nanocomposite materials more effectively to op-
timize the performance of advanced battery technologies.



11

ACKNOWLEDGMENTS

This work has been supported by the French Na-
tional Research Agency under the France 2030 pro-
gram (Grant ANR-22-PEBA-0002). S. M. also acknowl-
edges support by the project MoveYourIon (ANR-19-
CE06/0025) funded by the French ”Agence Nationale de
la Recherche”.

REFERENCES

[1] S. Chu and A. Majumdar, Opportunities and challenges
for a sustainable energy future, nature 488, 294 (2012).

[2] J. Cabana, L. Monconduit, D. Larcher, and M. R.
Palacin, Beyond intercalation-based li-ion batteries: the
state of the art and challenges of electrode materials re-
acting through conversion reactions, Advanced materials
22, E170 (2010).

[3] J.-M. Tarascon and M. Armand, Issues and challenges
facing rechargeable lithium batteries, nature 414, 359
(2001).

[4] L. Lu, X. Han, J. Li, J. Hua, and M. Ouyang, A review
on the key issues for lithium-ion battery management
in electric vehicles, Journal of power sources 226, 272
(2013).

[5] B. Scrosati, J. Garche, and W. Tillmetz, Advances in
Battery Technologies for Electric Vehicles, Woodhead
Publishing Series in Energy (Elsevier Science, 2015) pp.
1–546.

[6] H. Ghassemi, M. Au, N. Chen, P. A. Heiden, and R. S.
Yassar, Real-time observation of lithium fibers growth
inside a nanoscale lithium-ion battery, Applied Physics
Letters 99, 123113 (2011).

[7] D. Aurbach, E. Zinigrad, Y. Cohen, and H. Teller, A
short review of failure mechanisms of lithium metal and
lithiated graphite anodes in liquid electrolyte solutions,
Solid state ionics 148, 405 (2002).

[8] X.-Q. Zhang, X.-B. Cheng, and Q. Zhang, Advances in
interfaces between li metal anode and electrolyte, Ad-
vanced Materials Interfaces 5, 1701097 (2018).

[9] J. Steiger, D. Kramer, and R. Mönig, Mechanisms of den-
dritic growth investigated by in situ light microscopy dur-
ing electrodeposition and dissolution of lithium, Journal
of Power Sources 261, 112 (2014).

[10] M. Armand and J.-M. Tarascon, Building better batter-
ies, nature 451, 652 (2008).

[11] J. B. Goodenough and Y. Kim, Challenges for recharge-
able li batteries, Chemistry of materials 22, 587 (2010).

[12] S. Chu, Y. Cui, and N. Liu, The path towards sustainable
energy, Nature materials 16, 16 (2017).

[13] K. Murata, S. Izuchi, and Y. Yoshihisa, An overview of
the research and development of solid polymer electrolyte
batteries, Electrochimica acta 45, 1501 (2000).

[14] J. Li, C. Ma, M. Chi, C. Liang, and N. J. Dudney, Solid
electrolyte: the key for high-voltage lithium batteries,
Advanced Energy Materials 5, 1401408 (2015).

[15] D. R. MacFarlane, J. Huang, and M. Forsyth, Lithium-
doped plastic crystal electrolytes exhibiting fast ion con-
duction for secondary batteries, Nature 402, 792 (1999).

[16] N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama,
R. Kanno, M. Yonemura, T. Kamiyama, Y. Kato,

S. Hama, K. Kawamoto, et al., A lithium superionic con-
ductor, Nature materials 10, 682 (2011).

[17] J. Liang, J. Luo, Q. Sun, X. Yang, R. Li, and X. Sun, Re-
cent progress on solid-state hybrid electrolytes for solid-
state lithium batteries, Energy Storage Materials 21, 308
(2019).

[18] A. Maurel, M. Armand, S. Grugeon, B. Fleutot,
C. Davoisne, H. Tortajada, M. Courty, S. Panier, and
L. Dupont, Poly (ethylene oxide)- litfsi solid polymer
electrolyte filaments for fused deposition modeling three-
dimensional printing, Journal of The Electrochemical So-
ciety 167, 070536 (2020).

[19] H. Morimoto, H. Awano, J. Terashima, Y. Shindo,
S. Nakanishi, N. Ito, K. Ishikawa, and S.-i. Tobishima,
Preparation of lithium ion conducting solid electrolyte of
nasicon-type li1+ xalxti2- x (po4) 3 (x= 0.3) obtained by
using the mechanochemical method and its application
as surface modification materials of licoo2 cathode for
lithium cell, Journal of Power Sources 240, 636 (2013).

[20] D. Safanama, N. Sharma, R. P. Rao, H. E. Brand, and
S. Adams, Structural evolution of nasicon-type li 1+ x
al x ge 2- x (po 4) 3 using in situ synchrotron x-ray
powder diffraction, Journal of Materials Chemistry A 4,
7718 (2016).

[21] R. Murugan, V. Thangadurai, and W. Weppner, Fast
lithium ion conduction in garnet-type li7la3zr2o12, Ange-
wandte Chemie International Edition 46, 7778 (2007).

[22] W. J. Kwon, H. Kim, K.-N. Jung, W. Cho, S. H. Kim, J.-
W. Lee, and M.-S. Park, Enhanced li+ conduction in per-
ovskite li 3x la 2/3- x 1/3- 2x tio 3 solid-electrolytes via
microstructural engineering, Journal of materials chem-
istry A 5, 6257 (2017).

[23] M. Dahbi, F. Ghamouss, F. Tran-Van, D. Lemordant,
and M. Anouti, Comparative study of ec/dmc litfsi and
lipf6 electrolytes for electrochemical storage, Journal of
Power Sources 196, 9743 (2011).

[24] W. Zaman, N. Hortance, M. B. Dixit, V. De Andrade,
and K. B. Hatzell, Visualizing percolation and ion trans-
port in hybrid solid electrolytes for li–metal batteries,
Journal of Materials Chemistry A 7, 23914 (2019).

[25] F. Croce, G. Appetecchi, L. Persi, and B. Scrosati,
Nanocomposite polymer electrolytes for lithium batter-
ies, Nature 394, 456 (1998).

[26] B. Scrosati, New approaches to developing lithium poly-
mer batteries, The Chemical Record 1, 173 (2001).

[27] W. Krawiec, L. Scanlon Jr, J. Fellner, R. Vaia, S. Vasude-
van, and E. Giannelis, Polymer nanocomposites: a new
strategy for synthesizing solid electrolytes for recharge-
able lithium batteries, Journal of Power Sources 54, 310
(1995).

[28] P. Jayathilaka, M. Dissanayake, I. Albinsson, and B.-
E. Mellander, Effect of nano-porous al2o3 on thermal,
dielectric and transport properties of the (peo) 9litfsi
polymer electrolyte system, Electrochimica acta 47, 3257
(2002).

[29] M. Dissanayake, P. Jayathilaka, R. Bokalawala, I. Al-
binsson, and B.-E. Mellander, Effect of concentration
and grain size of alumina filler on the ionic conductiv-
ity enhancement of the (peo) 9licf3so3: Al2o3 composite
polymer electrolyte, Journal of Power Sources 119, 409
(2003).

[30] S. Chung, Y. Wang, L. Persi, F. Croce, S. Greenbaum,
B. Scrosati, and E. Plichta, Enhancement of ion transport
in polymer electrolytes by addition of nanoscale inorganic



12

oxides, Journal of power sources 97, 644 (2001).
[31] B. Scrosati, F. Croce, and L. Persi, Impedance spec-

troscopy study of peo-based nanocomposite polymer elec-
trolytes, Journal of the Electrochemical Society 147,
1718 (2000).

[32] F. Croce, R. Curini, A. Martinelli, L. Persi, F. Ronci,
B. Scrosati, and R. Caminiti, Physical and chemical prop-
erties of nanocomposite polymer electrolytes, The Jour-
nal of Physical Chemistry B 103, 10632 (1999).

[33] F. Capuano, F. Croce, and B. Scrosati, Composite poly-
mer electrolytes, Journal of the Electrochemical Society
138, 1918 (1991).

[34] G. Appetecchi, F. Croce, L. Persi, F. Ronci, and
B. Scrosati, Transport and interfacial properties of com-
posite polymer electrolytes, Electrochimica Acta 45,
1481 (2000).

[35] F. Croce, L. Persi, B. Scrosati, F. Serraino-Fiory,
E. Plichta, and M. Hendrickson, Role of the ceramic fillers
in enhancing the transport properties of composite poly-
mer electrolytes, Electrochimica Acta 46, 2457 (2001).

[36] N. Boaretto, I. Garbayo, S. Valiyaveettil-SobhanRaj,
A. Quintela, C. Li, M. Casas-Cabanas, and F. Aguesse,
Lithium solid-state batteries: State-of-the-art and chal-
lenges for materials, interfaces and processing, Journal of
Power Sources 502, 229919 (2021).

[37] Y. Matsuo and J. Kuwano, Ionic conductivity of poly
(ethylene glycol)-licf3so3-ultrafine sio2 composite elec-
trolytes: Effects of addition of the surfactant lithium do-
decylsulfate, Solid State Ionics 79, 295 (1995).

[38] S. Ketabi and K. Lian, Effect of sio2 on conductiv-
ity and structural properties of peo–emihso4 polymer
electrolyte and enabled solid electrochemical capacitors,
Electrochimica Acta 103, 174 (2013).

[39] B. W. Zewde, S. Admassie, J. Zimmermann, C. S. Is-
fort, B. Scrosati, and J. Hassoun, Enhanced lithium bat-
tery with polyethylene oxide-based electrolyte contain-
ing silane–al2o3 ceramic filler, ChemSusChem 6, 1400
(2013).

[40] L. Han, M. L. Lehmann, J. Zhu, T. Liu, Z. Zhou, X. Tang,
C.-T. Heish, A. P. Sokolov, P. Cao, X. C. Chen, et al.,
Recent developments and challenges in hybrid solid elec-
trolytes for lithium-ion batteries, Frontiers in Energy Re-
search 8, 202 (2020).

[41] J. A. Isaac, D. Devaux, and R. Bouchet, Dense inorganic
electrolyte particles as a lever to promote composite elec-
trolyte conductivity, Nature Materials 21, 1412 (2022).

[42] Y. Liu, J. Lee, and L. Hong, In situ preparation of poly
(ethylene oxide)–sio2 composite polymer electrolytes,
Journal of Power Sources 129, 303 (2004).

[43] M. C. Tekell, G. Nikolakakou, E. Glynos, and S. K. Ku-
mar, Ionic conductivity and mechanical reinforcement of
well-dispersed polymer nanocomposite electrolytes, ACS
Applied Materials & Interfaces (2023).

[44] S. Mogurampelly and V. Ganesan, Effect of nanoparticles
on ion transport in polymer electrolytes, Macromolecules
48, 2773 (2015).

[45] S. Mogurampelly and V. Ganesan, Influence of nanopar-
ticle surface chemistry on ion transport in polymer
nanocomposite electrolytes, Solid State Ionics 286, 57
(2016).

[46] S. Mogurampelly, V. Sethuraman, V. Pryamitsyn,
and V. Ganesan, Influence of nanoparticle-ion and
nanoparticle-polymer interactions on ion transport and
viscoelastic properties of polymer electrolytes, The Jour-

nal of Chemical Physics 144, 154905 (2016).
[47] S. K. Fullerton-Shirey, L. V. Ganapatibhotla, W. Shi, and

J. K. Maranas, Influence of thermal history and humid-
ity on the ionic conductivity of nanoparticle-filled solid
polymer electrolytes, Journal of Polymer Science Part B:
Polymer Physics 49, 1496 (2011).

[48] Y. Choo, D. M. Halat, I. Villaluenga, K. Timachova, and
N. P. Balsara, Diffusion and migration in polymer elec-
trolytes, Progress in Polymer Science 103, 101220 (2020).

[49] D. Diddens, A. Heuer, and O. Borodin, Understanding
the lithium transport within a rouse-based model for a
peo/litfsi polymer electrolyte, Macromolecules 43, 2028
(2010).

[50] D. J. Brooks, B. V. Merinov, W. A. Goddard III,
B. Kozinsky, and J. Mailoa, Atomistic description of ionic
diffusion in peo–litfsi: Effect of temperature, molecu-
lar weight, and ionic concentration, Macromolecules 51,
8987 (2018).

[51] J. Wang, L. Fan, Q. Du, and K. Jiao, Lithium ion
transport in solid polymer electrolyte filled with alumina
nanoparticles, Energy Advances 1, 269 (2022).

[52] B. Hanson, V. Pryamitsyn, and V. Ganesan, Mechanisms
underlying ionic mobilities in nanocomposite polymer
electrolytes, ACS Macro Letters 2, 1001 (2013).

[53] W. Humphrey, A. Dalke, and K. Schulten, Vmd: visual
molecular dynamics, Journal of molecular graphics 14,
33 (1996).

[54] Z. Gadjourova, Y. G. Andreev, D. P. Tunstall, and P. G.
Bruce, Ionic conductivity in crystalline polymer elec-
trolytes, Nature 412, 520 (2001).

[55] K. Zaghib, M. Simoneau, M. Armand, and M. Gau-
thier, Electrochemical study of li4ti5o12 as negative elec-
trode for li-ion polymer rechargeable batteries, Journal
of Power Sources 81, 300 (1999).

[56] K. Zaghib and K. Kinoshita, Advanced materials for neg-
ative electrodes in li-polymer batteries, Journal of power
sources 125, 214 (2004).

[57] G. S. MacGlashan, Y. G. Andreev, and P. G. Bruce,
Structure of the polymer electrolyte poly (ethylene ox-
ide) 6: Liasf6, Nature 398, 792 (1999).

[58] J.-C. Daigle, A. Vijh, P. Hovington, C. Gagnon,
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