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Abstract

A better molecular-level understanding of Li* diffusion through ceramic/polymer
interfaces is key to design high-performance composite solid-state electrolytes for
all-solid-state batteries. By considering as a case study a composite electrolyte
constituted by Li* conductive Ga3* doped-Li;LazZrs01o (LLZO) garnet fillers
embedded within a poly(ethylene oxide) and lithium bis(trifluoromethanesulfonyl)
imide polymer matrix (PEO(LiTFSI)), we investigate LiT interfacial dynamics
at conditions of high polymer confinement, with large filler particles in a fully
amorphous polymer phase. Such confinement scenario is aimed to capture the
conditions near the percolation threshold, at which conductivity enhancement is
often reported. Using molecular dynamics simulations combined with the gener-
alized shadow hybrid Monte Carlo method and umbrella sampling calculations,
we explain why the hopping towards the polymer phase of the Li™T sitting on the
LLZO surface is thermodynamically hindered, while hopping of LiT from the
polymer to the LLZO is kinetically slowed-down by rigidified polymer near the
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interface. In addition, we demonstrate how the overlap of LLZO-bound poly-
mer chains at high confinement leads to a decrease of LiT diffusivity within the
interstitial space. We put forward that these insights are relevant to interpret
the variation of ionic conductivity as a function of volume fraction and filler
particle sizes also below the glass transition temperature of the polymer, at the
typical operating conditions of lithium ion batteries.

Keywords: Polymer-Ceramic Electrolytes, Interfacial Lithium Transport,
Solid-State Lithium ion Batteries, Hybrid Monte Carlo, Umbrella Sampling,

Molecular Dynamics.

1. Introduction

All-solid-state Li-ion batteries, with a thin solid electrolyte might trans-
form the energy-storage landscape, enabling the implementation of high capacity
metal Li anodes and avoiding the use of flammable organic liquid electrolytes
1L 2]. Realizing this paradigm shift could power the growth of several key
technologies for the renewable energy transition, including long-range electric
cars and large-scale stationary applications for home utilization and industrial
sites[3}, [].

To date, ceramics and polymers constitute the two most promising fami-
lies of solid-state electrolyte materials [B]. Cubic garnet Li;LazZroOq2 (LLZO)
has attracted considerable interest among ceramics due to its high ionic con-
ductivity and compatibility with metallic lithium [6] [7, [§]. Nonetheless, LLZO
is brittle and provides poor intimate contact with the electrodes, resulting in
high interfacial resistance, crack formation and dendrite growth [9, [10]. Alter-
natively, polymer electrolytes are more flexible and improve interfacial contact
with the electrodes, while providing better mechanical stability during cycling.
Poly(ethylene oxide) (PEO)-based polymer electrolytes are the most extensively
studied and may be found in commercial batteries [II]. However, they fail to
inhibit dendrite formation at high current densities, leading to short-circuit and

battery failure [12] [13].
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Composite solid-state electrolytes (CSSE) materials aim to combine the ben-
eficial aspects from each family by embedding ceramic particles (the filler)
within an ion-conducting polymer phase [I4]. PEO(LiTFSI) polymeric com-
plexes (LITFSI = Li™ bis(trifluoromethanesulfonyl) imide) incorporating LLZO
particles have been proposed, with the hope that this filler reinforces the polymer
matrix, decreases the polymer crystallinity and most critically, provides a high
conductivity path for the LiT ions [I5] 16, [I7]. While the first two goals have
been achieved with relative success using LLZO and other fillers, the latter has
been elusive because of the high interfacial resistance between the polymer and
garnet phases [I8],[19, [20]. Therefore, ionic transport remains mostly confined to
the polymer phase. Nonetheless, conductivity enhancement has been reported
at relatively low LLZO contents (10—20% volume), and it is attributed to perco-
lation effects arising from the presence of a highly conductive layer surrounding
the filler particles [21], [22], 23] 18]. At a given volume fraction (which depends on
the filler particle size), these layers overlap to form a spanning cluster through
which the LiT ions can diffuse faster through the electrolyte. The nature of
such layer is partially attributed to a loss of crystallinity in the polymer phase
around the filler particles [24], which agrees with the fact that the enhancement
is more pronounced below the melting temperature of PEO, T,,,. However, this
phenomenon also occurs above T),, suggesting that additional mechanisms are
at play [2I]. The most often invoked one is related to the presence of space-
charge effects (SCEs), i.e. the formation of an electric double layer, in which
a LiT rich region develops in the vicinity of the garnet surface, and the ions
are able to diffuse nearly unhindered by the presence of salt anions [25] 22| 23].
However, while crystallinity loss in CSSEs has been directly probed through
x-ray diffraction|24], conductivity-enhancement due to SCEs is always deduced
from indirect evidence. Zheng et al. [I§] found that surface impurities may also
lead to a LiT-rich layer on the LLZO surface, enhancing the conductivity by
releasing ions into the polymer phase. Villa et al. [26] showed that at equiva-
lent volume fractions, PEO-based CSSEs incorporating LLZO were more highly

conductive than those incorporating a passive (non-conducting) filler (Al;O3).
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This indicates that physical effects may not be solely responsible for the con-
ductivity enhancement, but that the specific surface chemistry of the garnet and
its interactions with the polymer could have an influence.

Atomistic modelling of CSSEs is scarce and has focused almost exclusively on
passive oxide fillers [27], [28]. Recently, we employed molecular dynamics (MD)
and enhanced hybrid Monte Carlo techniques to simulate, for the first time, the
Lit dynamics near the filler/polymer interface in LLZO:PEO(LiTFSI) CSSEs
[29]. Our work automatically yielded the interfacial Lit distribution assumed
in space-charge models [I9] and showed that specific PEO - LLZO interactions
lead to a long-range impact of the garnet surface on the LiT diffusivity. In
addition, we unveiled the presence of a highly resistive, 0.4 nm thick Lit free
layer, reminiscent of the Stern layer in the Gouy-Chapmann-Stern equations of
the electric double layer [I9]. However, we found this layer to originate from
the inability of the polymer chains to fully coordinate the LiT ions very close
to the LLZO surface.

Despite these exciting results, several crucial questions remain unanswered.
First, we did not detect conductivity enhancement associated with the SCEs.
One possibility is that such effects (or other enhancing mechanisms) may only
arise when two or more particles are in close proximity. Second, we did not
explain the high resistance to interfacial LiT exchange, which is essential to
figure out effective strategies to minimize it. Finally, we hypothesized that
above T),, the overlap between garnet-bound polymer chains led to a significant
decrease in the ionic conductivity with respect to that in free amorphous PEO.
This hypothesis could adequately explain our experimental data and that from
Zagorski et al. [I7], but was not atomistically verified.

In this work, we tackle these open questions by simulating LLZO:PEO(LiTFSI)
CSSEs under conditions of high polymer phase confinement. To do this, we
combine the generalized shadow hybrid Monte Carlo method (GSHMC), MD
simulations and umbrella sampling calculations. Recently, we demonstrated
that GSHMC is a powerful tool to achieve equilibration in interfacial systems

involving polymers [29], which often require multi-step strategies to reach full
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chain relaxation [30,[31]. We examine the high temperature regime (T' = 450 K),
in which the polymer phase is fully amorphous and consider -OH terminated
chains. The reasoning for focusing on amorphous PEO at 450 K is two-fold.
Firstly, while in practice PEO is semicrystalline up to T, ~ 339 — 341 K (i.e.,
at typical operating conditions) [I7], the presence of inorganic filler particles
plasticizes the surrounding polymer [25]. Moreover, Lit transport occurs pri-
marily through the amorphous polymer pathways in between PEO crystallites,
which means that the role of amorphous PEO in ionic transport is fundamental
even below T, [32]. Secondly, we have shown previously [29] that the mecha-
nism of interfacial diffusion, the structure of the interface and the overall effect
of the LLZO surface is qualitatively the same at 343 K and 450 K, although
simulations at the former temperature require significantly longer production
times.

First, we must define two important concepts: The polymer shell constitutes
the thinnest layer enclosing all of the PEO chains bound to the LLZO surface,
while the rigidified layer constitutes the region in which all available EO belongs
to a bound PEO chain. Therefore, the polymer shell contains the rigidified layer.
These two concepts will be considered in greater depth in the following sections.

In Section [3] we describe the LLZO:PEO(LiTFSI) simulation box and the
impact of increasing polymer phase confinement on the distribution of LiT and
TFSI™ ions. We find a growing depletion of dissolved Lit in PEO(LiTFSI) as
the garnet walls from adjacent LLZO particles approach each other, which is
explained through the free energy calculations performed in Section [l Despite
the strong thermodynamic drive towards LiT™ uptake by the garnet, the presence
of a rigidified polymer layer, explored in Section [5] induces a kinetic barrier that
considerably slows down Lit adsorption by LLZO. Thus, any engineering effort
to increase LiT interfacial exchange must simultaneously reduce the thickness
of the rigidified polymer layer and the thermodynamic barrier to LiT transfer
from the LLZO to the polymer. In Section @, we discuss Li™ diffusion in the
polymer phase under strong confinement, providing atomistic evidence for the

detrimental effect of overlapping bound polymer shells over LiT transport. Al-
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though our simulations are all performed above T}, Section [7] shows how our
results can be exploited to explain the experimental variation of conductivity

with LLZO content in LLZO:PEO(LiTFSI) CSSEs below T,.

2. Methods

Non-bonded interactions for LLZO were modeled as a sum of Coulombic and
Buckingham potentials, as repoted in our previous work [29]. On the other hand,
the OPLS force-field [33] was employed to calculate bonded and non-bonded
interactions of PEO chains, as well as the interatomic interactions between
PEO and LiT ions [34]. Model parameters for interactions of TFSI™ anions
were taken from the work of Kédermmann et al. [35]. A scaling factor of 0.55
was, however, applied to the charge of N atoms to preserve electroneutrality in
the LiTFSI molecules. In both cases, PEO and TFSI™, interatomic interactions
were well-defined by the Coulomb and Lennard-Jones (LJ) potentials, and the
cross PEO/TFSI™ interactions were calculated via the Lorenz-Berthelot mixing
rules. This combination of force fields was validated previously by comparing
with experimental conductivity data for several EO:Li ratios at 343 K and 358
K [29]. We reproduce such validation in Figure S1 of the SI for completeness.
In addition, we provide the charges for the atoms in the polymer phase in Table
S1.

Conversely, the PEO/LLZO and TFSI” /LLZO cross parameters are not
clearly defined, as the form of the potentials employed was substantially dif-
ferent. To calculate these cross terms, we adapted [29] the parametrization
strategy by Lim [36] by reformulating the Buckingham-type potentials in a LJ

form.

2.1. Simulation Setup

Dynamic calculations were performed through two simulation schemes: molec-
ular dynamics (MD) and the generalized shadow hybrid Monte Carlo (GSHMC)
method proposed by Akhmatskaya and Reich [37]. The GSHMC is a generalized
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HMC method [38] where sampling is performed with respect to modified Hamil-
tonians, enhancing sampling efficiency by alternating short MD trajectories and
stochastic Monte Carlo (MC) trial steps. While GSHMC has the advantage
over MD as it rigorously controls temperature and samples more broadly due to
its stochastic nature, it also preserves dynamical information and reaches high
acceptance rates. GSHMC is included within the MultiHMC-GROMACS soft-
ware code [39] 40l [4T], which is an in-house modified version of the open-source
MD package GROMACS 4.5.4 [42]. Tunnable input parameters of GSHMC
were taken from previous work on polymer and LLZO electrolytes|[29] [43] [44]:
L = 250 (length of MD trajectories), At = 2 fs (time step), ¢ = 0.1 (partial
velocity update parameter).

We combined GSHMC with the two-stage-modified adaptive integration ap-
proach (MATA)[I] specifically designed for modified HMC methods, which al-
lowed an increased sampling performance without impacting the time step. In
MD simulations, the standard velocity Verlet integrator has been applied with
the time step of 2 fs.

Simulations were performed for polymer chains with NV = 10 and 20 EO units
at 450 K. All the initial configurations were generated with the Packmol[45]
package. While GSHMC was used to efficiently equilibrate the initial configu-
rations (up to 37 times faster than MD[29]) MD was employed for production
runs. To stabilize the cubic garnet at the target temperature, we introduced
Ga®" (0.15 per formula unit) into the Lit sublattice of LLZO[25, 44]. The sim-
ulation boxes contained 3 x 3 x 3 LLZO supercells (containing 1416 Li atoms,
648 La atoms, 432 Zr atoms, 2592 O atoms, and 32 Ga atoms), and a fixed
number of LiTFSI molecules and PEO chains that ensured the target concen-
tration EO:Li = 20 : 1[I7] to be reproduced for the different gap thicknesses,
A, where the polymer phase is confined. For A = 1 nm, 2.5 nm, 5 nm, and 8
nm, we included 11, 24, 46, and 88 LiTFSI molecules, respectively. While the
initial configuration of the LLZO garnet was obtained from a sampling tech-
nique applied in our recent works[43, 4], 29], the PEO and LiTFSI molecules

were randomly distributed in the simulation box. Periodic boundary conditions
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(PBCs) were applied in all directions. Van der Waals interactions were evalu-
ated within a cut-off radius r,4, = 1.2 nm, and Coulomb electrostatics were
estimated with the smooth particle mesh Ewald method (PME) with a cut-off
distance r. = 1.1nm. Because periodicity also holds in the x direction and 2r.
is always below the cell size, the PME method is appropriate for the present
system. The LLZO/PEO(LiTFSI) systems were equilibrated for 10 ns using
GSHMC in the NVT ensemble. All the production runs, with a total simula-
tion time of 150 ns, were carried out using MD in the NVT ensemble, where the
average temperature was kept constant via a velocity rescaling thermostat (cou-
pling time constant, 7, = 0.1 ps) at the specified target temperature T = 450
K. Bond lengths with H atoms were constrained using the LINCS algorithm[46].

Umbrella sampling (US) calculations[47] were employed to obtain the free
energy profiles reported in Section First, we randomly selected a Lit ion
(Li*) from the garnet surface and performed a steered MD run perpendicularly
to the interface (along the z axis) leaving all other coordinates unconstrained.
Li* was slowly pulled at a rate of 0.5 nm ns~! and with a spring constant k of
103.643 eV nm? (10* kJ mol~'nm~2) with respect to the garnet center of mass.
The rationale behind this value of k will be explained later.

The US calculations were performed on the CSSE structure with A = 8
nm and N = 10. We randomly selected three exposed LiT-sites on the garnet
surface. By exposed we mean that there are no coordinating oxygens beyond
the location of the site that could hinder the extraction of the chosen Li* ion
along a straight line parallel to the x-axis. If the LiT ion had to be extracted
through a curved trajectory due to an oxygen obstructing its path, the free
energy required would likely be higher than that calculated in this work.

21 US windows (i = 0, ..., 20) were set up at a distance dx; = dx;—1+0.05 nm
from the initial position of Li* on the garnet surface (§zo = 0). The initial con-
figuration for each window was taken from selected snapshots generated during
the steered MD runs. 15 to 35 ns NVT MD simulation runs were carried out at
each window, with the first 5 ns discarded to allow for energy, temperature and

polymer radius of gyration equilibration. The windows were finally combined
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using the weighted histogram analysis method (WHAM).[47, 48] To restrain
Li* at each window, the spring constant k defined above was employed. We
found through trial and error that this value allowed for good overlap between
the umbrella histograms for the selected window separation, ensuring adequate
sampling. A typical histograms diagram is shown in Figure S5 of the SI, while

section S7 provides further details on the selection of k.

3. The LLZO:PEO(LiTFSI) CSSE

Figuredepicts a snapshot of the simulation box for the LLZO:PEO(LiTFSI)
system upon equilibration. The polymer phase is confined between semi-infinite
LLZO particles, within a gap of thickness A. This configuration mimics the in-
terstitial space between "large” garnet particles at a volume fraction §(A/d, +
1)~3 (see Section S3 in the SI for derivation). Here, "large” indicates that the
particle diameter d, is much larger than the mean length of the relaxed polymer
chains, {,. The boundaries are kept periodic in all directions. Although heavy
La3* and Zr** ions preserve their original lattice positions, an amorphous 4
A layer of Lit ions originating from the garnet phase, Li;‘7 arises upon thermal-
ization of the polymer/garnet interface. Such a layer is highlighted in Figureby
the blue bands on each interface, and its nature has been discussed elsewhere[29].
However, we remark that the two available LLZO surfaces differ in their ter-
minations, a necessary requirement to maintain electroneutrality. This leads to
variations in the distribution of Lit sites within the amorphous layer, as shown
in the two panels to the left of figure [1} Ultimately, this induces differences in
the distribution of PEO atoms and salt ions near the garnet/polymer interfaces.
Nonetheless, these differences do not affect the main conclusions of the present
work.

Figure [2| depicts the number density profiles, p;, for selected atoms in the
CSSE, for 1 < A < 8 nm and N = 10, where N is the number of EO units in
the polymer (the curves for N = 20 are essentially identical, and can be found

in Figure S3 of the SI). A = 8 nm (1 nm), is equivalent to having uniformly dis-
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Figure 1: The simulation box for the LLZO:PEO(LiTFSI) system. The polymer phase (PEO
+ LiTFSI) is confined within the LLZO walls with a tickness A. The boundaries are periodic
in all directions. Brown, magenta, bright green, blue and white spheres within the garnet
correspond to Li;r (Lit ions originating in the LLZO), 02—, Zr*t, La3*t and Ga3t ions,
respectively. Li;uF ions (Lit ions originating in the polymer phase) are shown in orange, while
PEO and LiTFSI correspond to the -red-blue- and gray chains, respectively. The panels to
the left represent the two-dimensional projection of the density distribution of Li;’ on the

dashed lines within the amorphous interface layers.

persed 1 pm particles at a volume fraction w = 41% (51%), or 50 nm particles at
w = 33% (49%). While these garnet contents are high, the present simulations
offer the possibility of analyzing what happens when the polymer shells sur-
rounding each particle[49] 50l 23] overlap. Such overlapping has been reported
to lead to room-temperature conductivity spikes at 10 < w < 20% [21}, 23]. The
distribution of Li;r appears to differ significantly between the panels of Figure
However, this effect arises due to the different scales of the z-axis. Figure S2 in
the SI depicts Li;,|r for A =1,2.5 and 5 nm, but removing the gap confining the
polymer phase and putting all of the curves within the same scale. While the
magnitude of the peaks and valleys in p, it (z) differ, their locations and relative
sizes largely converge. The differences in magnitude can be attributed to the

fact that, within our simulation timescales, the theoretical occupancies for each
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site in the Li sublattice are not uniformly reached. In addition, variations of A
lead to changes in the distribution of polymer and ions near the interface, which

in turn yields variations in the distribution of Li;r at the garnet surface.
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Figure 2: Density profiles for selected atoms in the CSSE: C atoms from PEO (blue), N atoms
from the TFSI~ anions (black), LiT ions originating in the garnet phase, Li;’ (cyan), and the
polymer phase, Li?{ (red). The curves were extracted at 450 K, for N = 10 and a A = 8 nm,
bA=5nm,cA=25nm, and d A =1 nm. The yellow bands represent LiT free layers on

the polymer side of the interface. The dashed lines indicate the limits of the garnet surfaces.

The yellow bands in Figures —d highlight Li* free layers on the polymer
side of the interface, akin to the Stern layer in the Gouy-Chapmann-Stern model
[19]. Recent simulations found this layer to have a thickness § ~ 4 A for large
values of A [29]. While this condition still holds for A = 2.5,5 and 8 nm, we
find that § = A for A = 1 nm. That is, all Li;,r is transferred from the polymer
to the garnet phase. Moreover, we observe that the fraction of transferred Li;
decreases with increasing A, even though the initial EO:Li;)|r ratios and polymer

densities are the same for all systems.

11

3
P+ > Pp(nm )

]



260

265

270

275

280

The distributions of Li;‘ and N atoms appear correlated for A = 5 and 8
nm. However, such correlation is lost for lower values of A. Thus, the observed
behavior does not result from interactions between the garnet and salt anion,
but is more likely related to changes in the distribution of polymer under severe
confinement. However, simply inspecting pc in Figure[2]is not enough to extract
any meaningful relationship with Puit - In the following sections, we will explain
the origin of the above observations, and describe how they may relate to the

experimental percolation effects.

4. Lit diffusion energy barriers at the garnet:polymer interface

Figures —d shows that the density profile of Lif (cyan curve) is confined
to the location of the garnet, never crossing into the polymer phase. This in-
dicates that the transfer of Li™ from the garnet to the polymer is a rare event,
beyond the timescales amenable to our MD simulations ( 100 ns). Because of
the heterogeneous nature of the garnet surface, and the exceedingly large num-
ber of degrees of freedom available in the polymer phase, it is rather challenging
to predict the average energy barrier associated with the transfer of a Lit ion
from LLZO to PEO(LiTFSI) using only atomistic tools. However, by calculat-
ing the free energy profile, F(z*), for individual LiT ions along viable reaction
coordinates, we can qualitatively elucidate the mechanistic origin of the den-
sity profiles, Prit and Prits depicted in Figure Here, coordinate x* denotes
distance from the garnet surface.

First, we randomly selected a Lit ion (Li*) from the garnet surface and
performed a steered MD run perpendicularly to the interface. Subsequently,
umbrella sampling (US) calculations were performed by running constrained
MD runs at selected windows along the steered MD trajectory (we chose a
window every 0.05 nm). F'(z*) was estimated through the Weighted Histogram
Analysis Method (details and parameters for these calculations can be found in

subsection [2.1)).

Figure shows F'(z*) for the extraction of a Li* ion from a randomly chosen

12
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Figure 3: a Free energy profile, F'(z*), associated with the extraction of a selected Lit ion,
Li*, from the garnet surface at 450 K and for A = 8 nm, obtained through umbrella sampling
(US) calculations. x* denotes distance from the garnet surface. Windows in the US scheme
were separated by 0.05 nm. The profiles for three simulation lengths per window (t., = 10,
20, and 30 ns) are shown. b F(z*) associated with the extraction of selected Lit ions at
two other randomly selected surface Li-sites (¢, = 10 ns). ¢, d Average number of garnet
oxygens, n,-2, and polymer oxygens, no,, respectively, within a shell of diameter rrix.o
around the Lit extracted from site 1, at several values of z*. Inset: total coordination
Nnot = N2 |rpix.0=0.3 nm +nop|TLi*-O:0-3 nm- €, f ng—2, and no, within a shell of diameter

rri*-o around the LitT extracted from site 2 at several values of z*.
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surface site (designated site 1) at 450 K and for A = 8 nm. The MD simulations
at each window were run for time spans, t,,, of 10, 20 and 30 ns. Interestingly,
the free energy curves tend to separate as x* increases when x* > 0.35 nm, but
are nearly identical for z* < 0.35 nm. The differences for * > 0.35 nm are
indicative that t,, = 30 ns may be too short to accurately define F(z*) far from
the interface where free polymer becomes available, while ¢,, = 10 ns is reliable
for z* < 0.35 nm. Figure [3b shows F(z*) for the extraction of a Li ion from
two additional surface sites (sites 2 and 3) at the same conditions described
before, and for t,, = 10 ns. While the shape of F(z*) differs for each site, the
peak energy in all cases is between 0.7 and 0.8 eV, and is located at z* ~ 0.35
nm. This indicates that the work required for a LiT ion to traverse the LiT
free layer is within this energy range, even though the curves themselves differ
significantly as a consequence of the large variation in available atomistic and
molecular environments.

The results above can be rationalized as follows. It is well understood that
LiT ions are coordinated by a shell of ~ 5 polymer oxygens in amorphous PEO
[511, [30, 29, 52]. These oxygens are commonly associated with a single polymer
chain [52]. Long-range diffusion occurs through Li* hopping between coordi-
nation shells in adjacent chains, and thus is highly correlated with the ability
of the PEO chains to quickly fold and ”surround” the diffusing ion [30]. For
x* > 0.35 nm, polymer segments are far enough from the garnet surface to
freely fold and form a coordination shell around Li*. As z* and ¢, increase, the
hopping likelihood within a given window increases, producing the divergence
in F(z*) observed in Figure [3p.

For z* < 0.35 nm, the oxygen coordination shell is incomplete. To illustrate

this, Figures [3c and [3d depict the cumulative radial distribution function

no(r) = 47rﬁo/ 2 g0 pi(r)dr (1)
0

for the Li* from site 1 and both O = O?" (oxygens from the garnet) and
O = O, (oxygens from the polymer phase). Here, po is the average density

of O atoms and go_r«(r) the radial distribution function for the O — Li* pair.

14
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At z* = 0, Li* is coordinated in average by two O?~ atoms and one O, atom
within a 0.3 nm shell. Thus, Li* is undercoordinated with respect to both the
polymer and the garnet phase. In spite of this, diffusion towards the polymer
is strongly penalized, given the rapid increase in F'(0 < z* < 0.35nm) depicted
in Figure Bh. To explain this, we must recall that the coordination shell around
a LiT atom is considerably tighter in the LLZO lattice than in bulk PEO.
Indeed, Figure [3k shows that the 0%~ coordination shell has an average radius
of 0.22 nm at x* = 0, compared to the 0.3 nm shell formed by the O, atom
(Figure 31). In addition, electrostatic effects generate vacancy-rich bands near
the LLZO surface [8, 19, 23]. As a consequence, diffusion towards the garnet
bulk is significantly more likely than towards the polymer phase.

From 2 = 0 to = 0.35 nm, N2~ [r=0.s am decreases to 0, while 1o, |r=0.5 um
increases to 4.8. The inset in Figure[3k shows that the total oxygen coordination
(Mot = M2 |r=0.3 um + Mo, [r=03 um) Plateaus at z* = 0.35 nm. Therefore, the
Li™ extraction barrier is the result of breaking the tight shell of garnet oxygens
around Li* and transitioning to complete polymer coordination. At z* ~ 0.35
nm, the electrostatic effect of the garnet oxygens is overcome by the interactions
with O, atoms. Nomnetheless, it is costly for bound polymer chains to acquire
configurations under which the Li* ion can be fully coordinated. For z* >> 0.35
nm, polymer chains and TFSI™ ions that are not bound to the garnet can now
form a coordination shell around Li*, lowering the entropic cost and reducing
F(z*) (more significantly so for site 1 within the simulated ¢,, values). Figure
schematically illustrate the evolution of the Li* extraction process.

The plots corresponding to ny2- and ne, for the Li* from site 2 are shown
in Figures [3k and f. Clearly, the local environments of sites 1 and 2 differ. For
instance, No2—|r=.3 nm ~ 3 nm for site 2 (comparing the curves for * = 0 and
2* = 0.05 nm in Figures [3¢ reveals, however, that only 2 of the 3 O?~ ions
are tightly bound to Li*; i.e., at an average distance of 0.22 nm). Even though
these differences lead to substantial discrepancies in the shape of F(z*) for
sites 1 and 2, similar results are obtained regarding the location and magnitude

of the free energy peak. However, a key question remains unanswered: given

15



345

350

355

that F(z* > 0.35 nm) > F(0) up to * = 1 nm for all of the examined sites,
why are there no more Li;)“ ions transferring from the polymer to the garnet
phase? In particular, F(z*) decreases very slightly within 0.35 < z* < 1 nm
for Li* from sites 2 and 3, suggesting that such a transfer should occur quickly
whenever these sites are available. Yet, the concentration of Li;J|r in the garnet is

insignificant for A = 8 nm (see Figure [2h). The reason is not thermodynamic,

but kinetic, and is described in the following section.

Figure 4: Selected snapshots depicting the evolution of a Lit ion, Li* (brown sphere), ex-
tracted from the garnet. a At z* = 0, Li* is (under)coordinated by 2 O%~ ions (magenta
sphere) and one Op atom (large red sphere). b At * = 0.3 nm, Li* is coordinated by 3 Op
atoms from a single bound chain (chain 1). ¢ At z* = 0.38 nm, Li* is fully coordinated by
5 Op atoms from chain 1. d At z* = 0.5 nm, Li* is simultaneously coordinated by chain 1,

chain 2 (not bound) and a free TSFI~ anion, reducing the entropic cost of Li* coordination

5. Effect of rigidified polymer layer

The formation of a rigidified layer of polymer at the interface, due to attrac-
tive interactions between the polymer and filler promoted by stronger polymer-
filler interaction compared to polymer-polymer interaction is a well-known prob-
lem in mixed matrix membranes for molecular sieving [53] [49], [54]. While its
presence was reported in CSSEs incorporating passive fillers and amorphous
PEO [27,[52], only recently was it theoretically investigated on CSSEs involving
active fillers [29].
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Figure 5: Density profiles p(x) in Figure@ are measured within slabs of thickness Ay = 1 nm

centered at y; = 1 nm and y2 = 3 nm.

The impact of the rigidified layer on interfacial transport can be further
understood through the equilibrium density profiles. However, we found that
considering the entire thickness of simulation box was insufficiently clear (see
Section S5 in the SI for further details). Thus, we examined the density profiles
within two slabs of thickness Ay = 1 nm centered at y; = 1 nm and y, = 3
nm, as schematically shown in Figure The resulting density profiles are
shown in Figure @ The solid lines represent the densities of C (blue) and O,
(green) atoms from bound PEO chains only, while the dotted lines represent
the densities of C and O,, for both free and bound chains. The regions where
these lines coincide correspond to the rigidified polymer layers: in this region,
all C/O,, atoms belong to bound chains, i.e., there are no segments of free chains
available. We have highlighted the rigidified layers in yellow. In practice, they
were identified as the areas in which the dashed and solid lines differ by less
than 1 %.

Figures @—d show that, for A = 5 nm, the Li; density profiles (red line)
vanish within the yellow regions. Thus, the rigidified layer matches almost
exactly the LiT free layer. The present result shows that free PEO chains
are significantly better at stabilizing Li; ions than bound PEO. The reason
behind it is associated with the higher flexibility of the free chains: beyond the
rigidified layer, it is relatively easy for one (or more) free chain(s) in the vicinity

of a Li;or ion to quickly and effectively rearrange to form a stabilizing oxygen
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Figure 6: Density profiles px (z) for X :Li:,r, C and O, and within slabs of thickness 1 nm
in the y direction, centered at y3 = 1 nm and y2 = 3 nm (see Figure [5)). The solid blue
(green) line represents C (Op) atoms from bound PEO chains, while the dotted blue (green)
line represents C (Op) atoms from all chains. The dashed vertical lines designate the lowest
and highest = values at which corresponding solid and dotted lines merge. The yellow bands
indicate the rigidified layer (where all available C and O belongs to a bound chain). The
gray areas indicate the location of the garnet. The following configurations were examined: a
N =10, A =5 nm (centered at y1). b N =10, A =5 nm (centered at y2). ¢ N =20, A=5
nm (centered at y1). d N =20, A =5 nm (centered at y2). € N =20, A = 2.5 nm (centered
at y1). £ N =20, A = 2.5 nm (centered at y2).
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coordination shell. We also note that the the overlap between polymer shells
observed in Figures |§|c,d (A =5 nm, N = 20) is much more significant than in
Figures [6h,b (A = 5 nm, N = 10). This results in a greater heterogeneity of
polymer mobilities within the central region in Figures [6f,d, leading in turn to
greater heterogeneity in Prit-

The thickness of the LiT free layer (defined by the thickness of the yellow
bands) varies between 0.5 and 0.7 nm in Figures @a and b, and 0.4 and 0.6 nm
in Figures[6k and d. Nonetheless, its boundary is far from z* = 0.35 nm, where
the peak in F(z*) is located. That is, in order to make use of the downhill
path in the free energy profile to reach the garnet surface, the Li;)L must first
penetrate the rigidified layer. We can qualitatively visualize this by considering
the scenario in which the Lig‘ ion in Figure |4d evolves towards the configuration
shown in Figure [d: because Chain 2 is significantly more flexible than Chain 1,
it can quickly ”shuffie” around to capture Li; within a coordination shell, never
giving Chain 1 enough time to form a "receiving” coordination shell to which
Lil‘l‘ can hop into. Therefore, the rate at which Li;‘ ions are adsorbed by LLZO is
significantly slowed down due to the poor kinetics of the bound polymer, despite
the considerable thermodynamic benefit. As a matter of fact, a large fraction of
the Li;|r ions that were adsorbed by the garnet in our simulations were located,
at ¢ = 0, within the rigidified layer. We note that these conclusions apply for
A > 5 nm and with N < 20, when free polymer is available. However, we
can assume that for smaller A and/or sufficiently large N, no free chains will
remain. This situation is akin to that shown in Figures [Gp and f.

For A = 2.5 nm and N = 20, all polymer chains are bound to the garnet
(Figures |§}5,f). In the absence of free chains, any Li; remaining in the polymer
phase must be confined in the central region, at least 0.35 nm away from either
surface (as deduced from Figures ,b). At an equal distance from each surface
one would expect the polymer to be most mobile, that explains the central
peak in Prit- In fact, we have estimated that each Li;,F in the polymer phase is

coordinated by an average of two different PEO chains at any given time. Thus,
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the peak in Py mear T = 0 corresponds to lithium ions that are "trapped” in
coordination shells from polymer chains bound to opposite garnet surfaces.
Figures ﬁe,f also reveal significant adsorption peaks in Prits 3 - 5 times more
intense than those in Figures @a - d. Moreover, the Lit free layer is 0.8 - 1 nm
thick. This can be explained by noting that, under such degree of confinement,
it will be significantly easier for Liz‘f ions to find the downhill path in the free
energy landscape towards the garnet surface. Indeed, in the most extreme
confinement illustrated in Figure [2d for A = 1.0 nm, not a single Liz“,‘ is left in
the polymer phase. We note that A = 2.5 nm and A = 1.0 correspond to large
volume fractions, which are associated with low conductivity and brittleness
[17]. However, we will use these scenarios of extreme confinement to show what
happens to Lit diffusion when bound polymer shells around filler particles are

close enough to overlap.

1000 R e .
a b © —N=20,A-8mm ]
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a2~ 10k ]
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X r 4
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Figure 7: a When large garnet surfaces are sufficiently close (A ~ [, and lp/dp, << 1),
individual polymer chains may interact with both interfaces as shown in the figure (free
polymer chains or those bound to only one interface are not shown for clarity). The diffusivities
are estimated within a region A* at least 0.8 nm away from the garnet surfaces, with the goal
of avoiding the rigidified polymer layers and the adsorption field from the LLZO. b log-log
plot of the mean square displacement for Li,;|r ions within A*, at 450 K, and for systems with
N = 20 and both A =5 and 8 nm. Past the vertical dotted line, the slope of the curves is

approximately one.
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6. LitT diffusion under confinement

25 In this section, we investigate Lit diffusion in the polymer phase under
strong polymer confinement (A ~ I, and l,,/d, << 1, where [,, is the mean end-
to-end distance of the PEO chains and d,, the particle diameter). Li* diffusion
in the x direction is anomalous, due to the boundaries imposed by the garnet
and the rigidified polymer layer. Thus, we focus on the diffusivity, D, in the

w0 Yy — z plane, following the formulation proposed by Liu et al. [55] for lateral
diffusion near surfaces (a brief summary can be found in Section S6 of the SI).
To avoid the Li™ free layer, we measure D within a region A* at least 0.8 nm

from the garnet surface (Figure [7h).
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Figure 8: Diffusion coefficient, D, as a function of A, at 450 K and for PEO chains with
N =10 and N = 20.

Figure@b depicts the mean square displacement in the y—z plane, MSD,, . (¢),
s for systems having N = 20, and A = 5 and 8 nm at 450 K. The slope of the

curves reaches unity at ~ 4 ns, indicating Fickian diffusion. Therefore, D can be
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estimated for this study through Einstein’s diffusion equation using the appro-
priate modifications to account for finite residence times [55]. The MSD,, ,(¢)
curves for all other investigated systems follow approximately the same behav-
ior, although for A = 2.5 nm Fickian diffusion is only registered after ~ 20 ns.
There are clear differences in MSD,, .(t) between A = 8 nm and A = 5 nm,
despite the polymer length being kept constant. Below, we explain how such
differences originate from the overlapping of polymer shells bound to opposing
surfaces.

Previous experiments and simulations studies[30, [56] showed that the Li*
diffusivity decreases with N by a factor of 2-3 for 20 < N < 100 in bulk
PEO(LIiTFSI), and plateaus thereafter. Interestingly, Figure [§ reveals that al-
though the ratio rp = D(N = 10)/D(N = 20) is always above unity (as ex-
pected), its magnitude is non monotonically dependent on A. While rp = 1.1
for A = 2.5 nm and 1.3 for A = 8 nm, it raises to 4.5 for A = 5 nm. To explain
this behavior, let us recall that the ”polymer shell” of a given surface correspond
to the layer with minimum average thickness containing all the polymer chains
bound to that surface. The rigidified layer, comprising the region in which ”all”
available polymer is physically bound to the garnet is part of the polymer shell.
In fact, the polymer shell can be significantly thicker than the rigidified layer
(the thickness of the polymer shell is ~ N3 according to Lee et al.[57]).

Figure |§| illustrates the number density profiles for oxygen (O,) and carbon
(C) atoms from PEO chains bound to the garnet surfaces, for A = 2.5,5.0, and
8.0 nm and for N = 10 and 20. We separate the profiles associated with the left
and right interfaces, allowing us to visualize the thickness of the polymer shells
for each garnet surface. Figures[Oh,b indicate that for A = 2.5 nm, the polymer
shells from each surface largely overlap for both N = 10 and 20. In either cases,
D is about two orders of magnitude below the bulk diffusivity of LiT in bulk
PEO(LiTFSI) (Dgui = 3.3 x 1075%cm? /s (2.1 x 10~%cm?/s) for N = 10 (20) at
450 K )[29]. Conversely, Figures E}e,f reveal that for A = 8.0 nm, the polymer
shells from each surface do not interact, and D ~ 0.3Dg,, regardless of N. Yet,

the rp values for A = 8.0 nm and A = 2.5 nm remain very close. Moreover, for
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Figure 9: Density profiles of oxygen (Op) and carbon (C) atoms from PEO chains bound to
the garnet surface, at 450 K and for N = 10 and 20 at A = 2.5,5.0,8.0 nm (Legend for all
panels is available in panel a). A* represents the region within which the values of D in Figure
Were calculated. We disaggregate the profiles corresponding to chains bound to the left and
right surfaces. The polymer shells from each side interpenetrate in a, b and d, impacting LiT

diffusion.

A = 5.0 nm, there is polymer shell overlapping when N = 20 (Figures |§|d) and
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no overlapping when N = 10 (Figures Elc), which produces a large rp = 4.5. In
previous work [29], we hypothesized that overlapping of the polymer shells from
adjacent particles was responsible for the pronounced drop in LiT conductivity
experimentally observed at high volume fractions (w ~ 45% for particles 1 pum
in diameter and 10° g/mol PEO)[17]. While mechanical measurements and
particle packing arguments supported this hypothesis, no atomistic evidence
was provided at the time. The present results constitute definitive atomistic
confirmation: overlapping of polymer shells leads to a dramatic reduction in the
Lit diffusivity (by a factor of 4.5 in our case). As a consequence, a percolation-
like drop in the ionic conductivity should occur when the "filler + polymer
shell” pseudo-particles overcome random close packing[29], forcing all Li* ions
through trajectories along the shells.

The segmental mobility of the polymer chains can be characterized by the
autocorrelation function for the C-O-C-C dihedrals, Cyy: [68) 27]

(cosg(t)cosp(0)) — (cosp(0))

Cosll) = 1 cos(0)cosd(0)) — (cosd(0))%

(2)

Figure [T0] depicts the decay of Cyg for bound PEO chains at three combina-
tions of A and N. The slowest decay (and hence the lowest segmental mobility)
corresponds to {A = 2.5 nm, N = 10}. This is expected, as a small fraction
of these chains is able to reach the opposite wall (see Figure [Op). However,
there is little difference between Cyy for {A = 5 nm, N = 20}, and {A =5
nm, N = 10}. This indicates that polymer shell overlapping does not reduce
the LiT diffusivity by decreasing the mobility of the overlapping bound chains.
Simply, there is less free polymer available in the overlap region at the given

density, lowering the frequency of interchain jumps.

7. Impact of confinement on ionic conduction

Several authors have reported SCEs capable of enhancing the ionic con-

ductivity o (which is roughly proportional to D[29]) in CSSEs when the filler
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Figure 10: Variation of Cgg with time for bound polymer chains at three different combina-

tions of A and N.

particles are sufficiently close [60} 23]. We do not find evidence for such effects
in our simulations. However, SCEs appear to manifest more strongly in CSSEs
with small nanofillers (~ 10 nm), for which the conditions set out in this study
(A ~1, and l,/d, << 1) are not met.

Conductivity enhancement below the PEO melting temperature T, (~ 68
°C ) may also be caused by loss of polymer crystallinity around the filler particles
[61]. Because amorphous PEO is substantially more conductive than crystalline
PEO, the formation of a spanning cluster of amorphous polymer leads to an
increase in o with w for T' < T,,, up to a critical value w.. This behavior
has traditionally been modeled through effective medium theory (EMT) - based
models [62] 24, 50]. EMT assumes the particles comprise an insulating core
and a highly conductive shell, and predict reasonably well the variation of o
with w in several CSSEs with passive fillers [62], [24]. Nonetheless, they also
predict a dramatic decrease in conductivity for w > w., which is not observed

in LLZO:PEO(LiTFSI). For instance, Zheng et al. [59] showed that o decreases
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Figure 11: a The conductivity as a function of Ta-doped LLZO content for 40 and 400 nm
particles in LLZO:PEO(LiTFSI) CSSEs at 30 °C. The solid line interpolates the experimental
data, while the dotted line shows the typical curve shape obtained from core-shell EMT
models. Adapted from Zheng et al.[59], Copyright Elsevier (2016). b Left panel: schematic
of the proposed percolation process at T' < Ty,. The filler particles are surrounded by a layer
of highly conducting amorphous polymer. The polymer shell (i.e., the collection of polymer
chains that are physically bound to the filler particle) is contained within the amorphous
layer. Right-top panel: at low w, conduction through the crystalline phase dominates. middle-
panel: at we, a spanning cluster of overlapping amorphous layers arises, with minimal overlap
between polymer shells. Bottom-panel: for w > wc, polymer shells begin to overlap, reducing

the conductivity at a relatively slow pace as w increases.

slowly for w > w, in LLZO:PEO(LiTFSI) CSSEs with 40 and 400 nm particles
at 30 °C, in contrast with typical EMT expectations (Figure [11h).

The results presented so far may shed some light into this behavior. We
present in Figure an alternative particle model, in which the filler parti-
cles are surrounded by a layer of amorphous polymer. The polymer shell has a
conductivity o, and is contained within this amorphous layer, leaving a second
outer layer of free amorphous polymer with conductivity oy. Assuming inter-
facial Lit exchange contributes negligibly to ionic conduction due to the high
surface resistance [I8, 19] and that oy >> o, >> 100, [29] [59], where o, is the
conductivity of crystalline PEO, we can explain the slow decay in the conductiv-
ity (o) of the CSSE as follows: for w < w,, the layers of free amorphous polymer

begin to overlap as w increases, leading to overall conductivity enhancement in

26




525

530

535

540

545

550

the CSSE. At w = w,, a spanning cluster of free amorphous polymer forms that
produces a maximum in ¢. However, such a maximum is tempered by the over-
lapping of polymer shells, which was shown to negatively impact LiT diffusion.
Increasing w enhances the fraction of overlapping polymer shells, further reduc-
ing the conductivity while still allowing a relatively high ionic flow as compared
to that in the crystalline polymer.

It has been found that at w ~ 33% a spanning cluster of LLZO particles may
also arise, allowing Li™ transport through the garnet phase [18]. This latter
diffusion path is known to be hindered by high grain boundary resistances, but
would still contribute to dampening the decline in the conductivity. Thus, the
significant drop in o(T < Tj,) predicted by several EMT models past w. may
not occur in CSSEs with active fillers that can develop a bound polymer shell.

Additional quantitative work will be required to validate our double layer

model, but it is a promising framework to uncover this intriguing phenomenon.

8. Conclusions

This work investigates the Lit spacial distribution and dynamics in LLZO:PEO(LiTFSI)

CSSEs at conditions of high polymer confinement. Specifically, we focus on high
temperature systems (450 K) and large filler particles (A ~ [, and I,,/d, << 1),
in which the polymer phase is fully amorphous and the particles can be assumed
to be semi infinite perpendicularly to the interface. By employing umbrella
sampling calculations, we show that the free energy profile associated with the
extraction of a Lit ion from the garnet surface is highly heterogeneous and may
require very long MD runs at each window in the umbrella sampling scheme.
However, the maximum free energy is surprisingly uniform at 0.7 - 0.8 eV for the
three studied cases, and occurs ~ 0.35 nm from the garnet surface. Moreover,
the free energy profile is non symmetric, suggesting a thermodynamic drive to-
wards LiT adsorption into the garnet phase. We show that surface Lits are
coordinated by a combination of polymer and garnet oxygens, with the latter

forming a tighter shell. It is only beyond 0.35 nm from the garnet surface that
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the polymer coordination shell reaches its typical bulk density of ~ 5 oxygens
per Lit, leading to a slight decrease in the free energy. We show that the ther-
modynamic trend towards Li*T uptake by the garnet is counteracted by a kinetic
effect: free polymer chains are significantly more mobile than garnet - bound
chains. Hence they can quickly adapt to coordinate and stabilize incoming LiT
ions. As a consequence, Li* jumps from a free chain to an adjacent bound chain
are far less frequent than those to adjacent free chains, minimizing the actual
amount of Li™ reaching the LLZO surface. Only at very high garnet contents we
predict Lit adsorption to be thermodynamically controlled, but such contents
are, in general, of no practical interest.

We also demonstrate that the overlapping polymer shells lead to a decrease
in Lit diffusivity within the interstitial space. This was originally hypothesized
in our previous work [29] but remained untested. In addition, we fully discard
conductivity-enhancing SCEs at the specific conditions studied here. They may
still be present in CSSEs incorporating small nanoparticles, at lower tempera-
tures or with methyl-terminated PEO chains. Moreover, additional conditions
may be required at the interface for these effects to manifest (such as resid-
ual LioClOg impurities, which is largely present in typical synthesis approaches
[18, 20]).

Understanding Li* diffusion in LLZO:PEO(LiTFSI) CSSEs above the poly-
mer melting point, T,,, and at conditions of high polymer confinement may
still provide valuable insights to interpret the variation of ionic conductivity, o,
with volume fraction, w, below T},. This is because filler particles are thought
to be surrounded by a layer of amorphous polymer even at room temperature,
and consequently the current model may be adequate at sufficiently high levels
of confinement. Based on this premise, we qualitatively describe the variation
of o with w reported in Zheng et al. [59]. In summary, we propose that the
amorphous layer can be subdivided into two regions: bound and free amorphous
polymer. While this is an oversimplification, it captures the fact that the closer
a PEO chain is to the garnet the least flexible it is. This model qualitatively

explains the relatively slow decay in ionic conductivity past the critical perco-
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lation volume fraction w,, avoiding the power-law like decay obtained from the
traditional core-shell EMT models that have been employed to explain conduc-
tivity enhancement in CSSEs with passive fillers. Yet, further quantitative work
is required to validate this hypothesis.

While in any given system both garnet surfaces differ in the distribution
of ions, key features such as the thickness of the Lit-free layer (which largely
coincides with the thickness of the rigidified polymer layer), differ by less than
1 nm between the opposing sides. Moreover, the shapes and thicknesses of the
polymer shells bound to either surface are largely symmetric. Because these are
the two most significant features impacting the Lit diffusivity under conditions
of high confinement (at a constant LiTFSI concentration), we expect that the
differences between the garnet surfaces do not alter the main conclusions from
this study. Still, we recognize that local differences in the garnet surface must
be impactful. A systematic examination of this effect should be investigated in
future work.

Extensive simulations by Brooks et al.[30] have shown that N = 100 suffices
to accurately predict the LiT diffusivity in bulk PEO(LiFTSI) for system with
high molecular weight polymer. However, this may not be the case in the pres-
ence of inorganic inclusions. In that regard, our results constitute a qualitative
exploration of the phenomena occurring in the vicinity of the filler surface. Ex-
amining large, N > 100 polymer chains should be explored in future works by
using, for example, coarse-grained MD methods.

Upcoming studies will also focus on studying CSSEs below T,,, employing,
for example, kinetic Monte Carlo methods to predict LiT diffusion through

crystalline PEO.
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