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ABSTRACT: Recent studies have demonstrated the potential of nano-
particle-based single-ion conductors as battery electrolytes. In this work, we
introduce a coarse-grained multiscale simulation approach to identify the
mechanisms underlying the ion mobilities in such systems and to clarify the
influence of key design parameters on conductivity. Our results suggest that
for the experimentally studied electrolyte systems, the dominant pathway for
cation transport is along the surface of nanoparticles, in the vicinity of
nanoparticle-tethered anions. At low nanoparticle concentrations, the
connectivity of cationic surface transport pathways and conductivity increase
with nanoparticle loading. However, cation mobilities are reduced when
nanoparticles are in close vicinity, causing conductivity to decrease for
sufficiently high particle loadings. We discuss the impacts of cation and anion
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choice as well as solvent polarity within this picture and suggest means to enhance ionic conductivities in single-ion conducting

electrolytes based on nanoparticle salts.

lectrolytes used in lithium-ion batteries are often liquid

organic solvents which offer high ionic conductivity.'
Despite their effective performance, liquid electrolytes present
flammability and leakage risks, which limit their applicability.”
Further, such electrolytes typically exhibit low lithium
transference numbers (t;+< 0.5),> which leads to concen-
tration polarization and, when employed with high-capacity
lithium metal anodes, dendrite formation.” Hence, there is
significant interest in developing new electrolyte materials that
simultaneously exhibit high conductivity, high ¢+, and
desirable safety characteristics.

Nanoparticle-based electrolytes, in which nanoparticles are
embedded in ion-conducting solid polymers or liquids, have
emerged as a promising platform for achieving high lithium
transference numbers.’ In lithium-salt-doped polymer electro-
Iytes, the addition of nanoparticles has been reported to
increase t;+.”°""? Single-ion conduction (t;;+~ 1) was recently
observed for nanoparticle-based lithium salts in polymeric
and oligomeric solvents.' ¢
anion immobilization was achieved by grafting the anionic
species onto the surface of nanoparticles. For instance, in the
experimental system reported by Schaefer et al,' silica
nanoparticles were cofunctionalized with polyethylene glycol
ligands and tethered anionic species coupled to Li* ions. When
dispersed in a conducting fluid such as tetraglyme, a maximum
ionic conductivity of ~107* S/cm was observed at an optimal
nanoparticle loading. Interestingly, an order of magnitude
increase in conductivity was realized by modifying the tethered
anion from — SO;~ to — SO;BF;™.

matrices'* In the latter systems,
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While the mechanisms underlying ion transport in lithium-
salt-doped nanocomposite electrolytes have been exam-
ined,”'' ™" those governing ion transport in the newer class
of nanoparticle-based single-ion conducting electrolytes remain
poorly understood. Notably, the origins of an optimal
nanoparticle loading for (maximizing) ionic conductivity and
the pronounced influence that modifying the nanoparticle-
tethered counterions has on the magnitude of the con-
ductivity'® are still unresolved. Further, these properties
motivate questions regarding the potential of such materials
to conduct alternative cations and the possible avenues for
enhancing their ionic conductivity.

In the present study, we use a multiscale simulation
approach to understand the mechanisms underlying the
conductivity characteristics in single-ion conducting nano-
particle-based electrolytes. We identify the influence of
nanoparticle volume fraction, anion and cation choices, and
solvent (host) polarity on the ionic conductivity in such
systems. Together, our results provide a complete picture for
design considerations in single-ion conducting electrolytes
based on nanoparticle salts.
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Direct computer simulations of the nanoparticle salt
dispersions and their ionic conductivity characteristics using
detailed molecular models are computationally intractable. To
gain mechanistic insights, we instead adopt a novel approach
that uses molecular dynamics (MD) and kinetic Monte Carlo
(kMC) simulations to integrate information from length and
time scales relevant for ion conduction (Figure 1 and the
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Figure 1. Multiscale simulation framework introduced to compute
ionic conductivity. (a) Schematic of the MD simulation configuration
for the space between adjacent nanoparticles (represented by flat
surfaces) and the different spatial regions defined based on the
proximity to the nearest nanoparticle surface. (b) Schematic of the
multiparticle system with explicit presence of nanoparticles and
cations only, including a 2D slice of the 3D on-lattice kKMC simulation
showing the presence of cations (black tracers) on surface (blue) and
bulk (green) sites corresponding to the regions defined in the MD
simulations.

Supporting Information). At the microscopic scale, we use
coarse-grained MD simulations to characterize the spatial
distribution of ions and their dynamics in the region between
two adjacent functionalized nanoparticles (Figure 1a). At this
level, the polymer chains and anions tethered to the
nanoparticles, the cations, and oligomeric solvent are all
accounted for explicitly. However, we neglect surface curvature
effects and model the interparticle region as a confined region
between two flat surfaces. The distance between the two
surfaces, L, is varied to model a range of nanoparticle
separations. The model parameters were chosen based on the
electrolyte system reported by Schaefer et al.'> Accordingly,
both surfaces were grafted with linear polymer chains
consisting of 18 beads, each of which represents a single
monomer. Similarly, anions were tethered to both surfaces
with a grafting density equal to that of the polymer chains.
Each solvent molecule was represented as an oligomer with 5
monomer beads. To account for the interaction of ions with
the oligomeric solvent and Ipolymer chains, we employ a
polymeric Stockmayer model'’ ™" in which a freely rotating
dipole moment of constant strength y is embedded into a
finite-size particle, while other bonded and nonbonded
interactions are treated using the Kremer—Grest polymer
model.”' The outputs of the MD simulations are used to
characterize three features: (i) the effective pair potential U(r)
between functionalized spherical nanoparticles, (ii) local cation
diffusion coeflicients in the direction parallel to the flat surface
(Dy), and (iii) the spatial distribution of cations in the region
between the nanoparticles.

At the mesoscopic scale of our simulation framework, on-
lattice kMC simulations are used to simulate larger length- and
time-scale ion transport in the multiparticle system, adopting a
simplified representation which explicitly considers only the
nanoparticles and the cations (Figure 1b). Toward this
objective, nanoparticle configurations at different bare particle
volume fractions ¢ (SI Section S2.1) are generated using the
effective pair potentials between functionalized nanoparticles
(calculated at the microscopic level) and are mapped to an on-
lattice representation (SI Section SS5.1). As described in SI
Section S4.4, information pertaining to the cation spatial
distribution and local mobility from the higher-resolution MD
simulations are input into the kMC simulations to simulate
transport of cations (represented as tracers) on the lattice sites
not occupied by the nanoparticles. Because the time scale for
diffusion of nanoparticles is long compared to that for cations,
we considered the nanoparticles to be immobile. From the
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Figure 2. Effect of nanoparticle loading and counterion choice on cation transport. (a) Cation diffusivity (red squares) and Nernst—Einstein
conductivity (black triangles) as functions of nanoparticle volume fraction. (b) Fraction of cations hosted by the bulk (green diamonds) and surface
(blue diamonds) sites at different nanoparticle volume fractions. (c) Local cation diffusivity in the bulk (green circles) and surface (blue circles)
regions. Solid and open symbols represent results for larger and smaller anion size, respectively.
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Figure 3. Influence of the size of mobile charge carrier on ion transport. (a) Nernst—Einstein conductivity versus nanoparticle volume fraction for
different cation sizes. (b) Local cation diffusivities in the bulk (green symbols) and surface (blue symbols) regions for different cation sizes.
Different cation sizes are represented as o, = 0.256 (circles), 0.5¢ (triangles), 0.75¢ (squares), 0.85c (diamonds), and 1.0c (stars).

resulting cation trajectories of the kMC simulations, the
effective cation diffusion coefficient D, is calculated using the
long-time slope of the mean-squared displacement. Because
tethering anions to nanoparticle surfaces significantly reduces
their mobility, the ionic conductivity A is assumed to be
approximately equal to the Nernst—Einstein conductivity Ayg

2

€ 2
A Ay = —— (N2
NE VkBT( cat cal‘Dcat) (1)

where N, is the number of cations. Because nanoparticles are
the only source of cations, N, is proportional to ¢. Complete
simulation details and methodology are presented in the SI
Sections S1-S3.

Using the multiscale approach described above, and inspired
by the experimental results of Schaefer et al."” discussed in the
introduction, we first probed the influence of anion type and
nanoparticle volume fraction on conductivity. Our coarse-
grained model distinguishes ions only on the basis of their size,
neglecting the specific influence of their chemistry. Accord-
ingly, we consider two different anion sizes, 6,,,, = 2.00 and
1.50, where ¢ denotes the size of the monomer both in the
polymer chains and in the oligomeric solvent. The cation size
(o) for this set of results was chosen to be 0.5 to represent
Li*."® To mimic poly(ethylene oxide) and tetraglyme as the
functionalized polymer chains and oligomeric solvent host,"*'®
the strength of the embedded dipole in their respective
monomers was fixed to be that of an ethylene oxide (EO)
monomer (4 = pgo) at 373 K.

The simulated cation diffusivities in the multiparticle system
and the corresponding ionic conductivities display non-
monotonic dependencies on particle volume fraction (Figure
2a), consistent with the experimental findings of Schaefer et
al.'"> These results also qualitatively agree with the reported
observation'® that employing a larger tethered counterion
(—SO3BF;7) leads to enhanced conductivity relative to a
smaller counterion (—SO;7).

To understand the mechanisms underlying the above results,
we quantified the distribution of cations on different site types
(“surface” vs “bulk”) in the multiparticle system, corresponding
to the different types of regions within the space between two
nanoparticles (Figure 1a). Explicitly, as illustrated in Figure 1,
surface sites represent the region near the nanoparticle where
the grafted anions are present, and bulk sites represent the
region away from the surface with significant solvent presence.
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Irrespective of the anion size considered, the cations are seen
to be primarily localized on the surface sites for all particle
loadings (Figure 2b). This is a consequence of the strong
electrostatic interactions between the cations and the grafted
anions. In other words, the primary mechanism of cation
diffusion in such nanoparticle-based single-ion conducting
electrolytes is by transport along the surface sites. Given this
observation, the increase in D, and conductivity with ¢ at low
particle loadings can be understood as a consequence of the
associated reduction of interparticle distance (SI Section SS5.1)
and the corresponding increase of connectivity between the
surface sites of neighboring particles. This proximity allows for
the cations to more easily hop between the surface sites of
neighboring particles and traverse larger distances per unit
time.”

To understand the decrease in conductivity at higher particle
volume fractions (Figure 2a), we examine the local cation
diffusivities from MD simulations (Figure 2c), which serve as
the input for cation hopping rates in the on-lattice kMC model.
At higher particle loadings, the nanoparticles approach each
other more closely (SI Section S5.1), resulting in an overlap
between the surface sites of neighboring particles (see Figure
1b). The cation mobilities in the overlapping surface region are
significantly reduced compared to those in the nonoverlapping
surface region (Figure 2c). This reduction can be attributed to
the combined effect of increased anion—cation electrostatic
interactions (SI Section S5.4) and increased steric hindrance
effects due to the higher number density of tethered polymer
chains and anions in the overlapping surface region (SI Section
S1.1). At higher particle loadings, due to significant cation
presence on overlapping surface sites (SI Section SS.5), the
increased connectivity of surface sites is countered by the
slower cation transport in the overlapping surface regions,
leading to a decrease in D, and conductivity with ¢. To
support this mechanistic interpretation, we repeated the kMC
calculations for a fictitious case with Dj values in the
overlapping surface region set equal to those in the
nonoverlapping surface region. Consistent with our hypothesis,
D, does not decrease with ¢ at higher particle loadings in
such a scenario (SI Section S5.5).

Because cation transport along the surface sites strongly
influences D, at all particle volume fractions, the observed
influence of anion size on conductivity (Figure 2a) can be
understood based on the corresponding effect it has on D) for
cations in the surface region. Specifically, a significant
reduction of Dy is seen near the surface when smaller (vs

https://dx.doi.org/10.1021/acs.jpclett.0c01937
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Figure 4. Cation transport properties for the high-polarity case (4 = 2 ig). (a) Cation diffusivity (red symbols) and Nernst—Einstein conductivity
(black symbols) versus particle volume fraction. (b) Fraction of cations hosted by the bulk (green symbols) and surface (blue symbols) sites at
different volume fractions. (c) Local cation diffusivity in the bulk (green symbols) and surface (blue symbols) regions. Different cation sizes are
represented as o, = 0.250 (circles), 0.5¢ (triangles), 0.75¢ (squares), 0.85¢ (diamonds), and 1.0c (stars).

larger) tethered anions are present (Figure 2c), an effect
attributable to the stronger ion-pair electrostatic interactions at
play in the former case.

The parameters considered for the above results clarify
mechanistic underpinnings for the conductivity behavior in
nanoparticle-based single-ion conducting electrolytes and help
to explain the experimental results reported by Schaefer et al."
However, there has also been significant recent interest in
developing single-ion conducting batteries based on alkali
metals other than Li, such as Na, K, etc.”>~>° These works have
further inspired other studies”’ > which have suggested the
size of the mobile charge carrier to be a critical parameter
influencing the conductivity. Motivated by such developments,
we used our multiscale strategy to predict the influence of
mobile cation size on conductivity. To model a range of cation
sizes while mimicking the size disparity between Na*, K, and
Li* ions, we considered four additional cation sizes o, =
0.250, 0.7506, 0.850, and 1.00, while the anion size was fixed to
be 6,0, = 2.00.

The simulation results reveal that there are qualitative
differences in the effect that cation size has on conductivity for
different nanoparticle volume fractions (Figure 3a). For ¢ <
0.3, a nonmonotonic dependence on cation size is observed in
which the conductivity first increases and then decreases with
increasing cation size. In contrast, for ¢ > 0.3, the ionic
conductivities are seen to monotonically decrease with
increasing cation size. To rationalize these trends, we note
that for all the cation sizes considered, the cation distribution
on different site types in the multiparticle system (SI Section
§5.6) is similar to that noted for o, = 0.5¢ (Figure 2b).
Accordingly, similar to the arguments presented to explain the
results in Figure 2a, the observed conductivity behavior with
increasing cation size can be understood based on the
corresponding trends for cation mobilities along the non-
overlapping and overlapping surface sites. Explicitly, for ¢ <
0.3, most cations are present on the nonoverlapping surface
sites (SI Section S5.6) because of the negligible overlap
between the surface sites of neighboring particles. From the
results in Figure 3b, the cation diffusivities in the non-
overlapping surface region are seen to exhibit a nonmonotonic
behavior with increasing cation size, which explains the
corresponding conductivity trends. The behavior of cation
mobilities in the nonoverlapping surface region can in turn be
attributed to the interplay between two competing factors: (a)
faster cation transport for larger cations due to weakened ion-
pair electrostatic interactions and (b) increased hindrance to
the transport of larger cations due to their bulkiness. For ¢ >
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0.3, with significant overlap between the surface sites of
neighboring particles, the conductivity is primarily influenced
by the cation diffusivities in the overlapping surface regions.
The latter shows a monotonic decrease with cation size (Figure
3b) due to the greater impact of steric hindrance effects
compared to ion-pair electrostatic interactions. Such character-
istics serve to rationalize the monotonic conductivity behavior
at higher nanoparticle loadings.

Given the cation distributions in different regions of the
multiparticle systems for all the cases considered (Figure 2b
and SI Section S$5.6), we infer that the anion—cation
electrostatic interactions play a dominant role in localizing
the cations near the surface and influencing the ionic
conductivities. Considering such findings, we hypothesized
that an increase in the fraction of dissociated cations would
promote solvent-mediated cation transport and increase the
overall conductivity. Such enhanced dissociation can be
realized in practice by employing solvent hosts with higher
polarities.'® To test our hypothesis, we considered a system of
model oligomeric solvent and nanoparticle-tethered polymeric
chains with polarity £ = 2 pizo. In this context, we also studied
the influence of the cation size while keeping 6,,,, = 2.00.

For low particle loadings (¢ < 0.35), the simulation results
show that ionic conductivities for the high-polarity case
(Figure 4a) are enhanced compared to those for the low-
polarity case (Figure 3a). Further, the nanoparticle composi-
tion for maximum conductivity in the high-polarity case is
shifted to much lower particle volume fractions compared to
that in the low-polarity case. The ionic conductivity is also seen
to monotonically increase with cation size for the high-polarity
case.

To understand the mechanisms underlying the results
displayed in Figure 4a, we turn to the cation distributions in
the multiparticle system displayed in Figure 4b. We observe
that for the high-polarity case, the cation presence on the bulk
sites is significantly enhanced compared to that for the low-
polarity case (SI Section S5.6). This redistribution can be
understood as a consequence of the stronger electrostatic
interactions between the cations and the high-polarity solvent
molecules. As a result, we deduce that cation transport through
the solvent dictates D, values for the high-polarity case.
Because the cation mobilities through the solvent for the high-
polarity case (Figure 4c) are considerably higher than those
along the surface for the low-polarity case (Figure 3b), the
conductivities are substantially increased by using a high-
polarity solvent.
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To explain the dependence of conductivity on particle
volume fraction, we note that with increasing ¢, the cation
presence in the bulk solvent sites decreases (Figure 4b)
because of the increasing number of surface sites. As a

the D_, values exhibit a monotonic decrease with

consequence, cat

nanoparticle loading. Further, because of the weaker electro-
static interactions between the larger cations and solvent
molecules (SI Section S5.7), the local cation diffusivity in the
bulk region is seen to increase with increasing cation size
(Figure 4c). This explains the corresponding monotonic
increase in conductivity with cation size.

In summary, we adopted a multiscale coarse-grained
simulation framework to identify the mechanisms underlying
the conductivity characteristics for single-ion conducting
nanoparticle-based electrolytes. Our results suggest that for
the electrolyte systems studied thus far,">'® the
conductivity is dominated by Li" transport along nanoparticle
surfaces, in the vicinity of the tethered anions. For such cases,

ionic

the ionic conductivity is influenced by the connectivity of
surface transport pathways and the cation diffusivities in the
surface region. The latter in turn depends on the strength of
anion—cation interaction and the steric hindrance effects on
the mobile charge carrier. We further demonstrate that
employing high dielectric constant solvents promotes cation
transport through the solvent medium and results in elevated
conductivity even at relatively lower nanoparticle loadings.
Collectively, these mechanistic insights derived from our
multiscale simulations provide simple design rules that should
prove helpful in the development of nanoparticle-based single-
ion conducting electrolytes. In a future study, we plan to
explore the influence of other parameters, such as the grafting
density of anions, size of the nanoparticles, etc., which are also
expected to influence the conductivity of such composites.
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