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Abstract: During lithium-ion battery charging and discharging, carbonate electrolytes degrade
from redox side reactions to produce electrode surface films. The composition of these films
depends on the composition of the electrolyte layer at the electrode surface and the structure of the
ion solvation shells found therein. However, both the composition and structure of an electrolyte
at an interface can vary significantly from their counterparts in the bulk, as reported previously at
air and mineral surfaces. Hence, a circular relationship holds in which the surface films formed
depend on electrolyte structure which in turn is impacted by the presence of the surface film. In
this work three impacts from solid interfaces on carbonate electrolytes are considered: ion
accumulation, ion pairing, and solvent exchange dynamics. By considering these effects at four
different surfaces of varying solvent affinity (LiF, Li2COs, LioEDC, and graphite), we explore the
impact of solvent—surface interactions and ion—surface interactions on these interfacial behaviors.
Classical molecular dynamics provides a route to explore molecular structure at the electrolyte
boundary and two different electrolytes are considered to investigate the role of ion association on
accumulation, pairing, and dynamics. By considering the changes as a result of switching between
one electrolyte with mostly solvent-separated ions to another with contact ion pairs, we provide
evidence that both bulk ion association and the solvent—surface interaction are key descriptors of

ion aggregation at the electrode surface. The insights from these simulations not only inform about
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the impacts of battery interfaces on the surrounding electrolyte, but also on the origins of

differences reported between classical molecular dynamics simulations at these interfaces.

I. Introduction:

While rechargeable batteries are revolutionizing the way we consume energy,'~ challenges
remain to advancing the electrolytes at their center. The large number of electrolyte mixtures and
materials investigated evidences the challenge in balancing their conductivity between the
electrodes with their electrochemical stability at the electrode surface.*> Nonaqueous liquid
electrolytes, in particular, have dominated the advancement of the lithium-ion chemistry that has
successfully powered personal electronics and reimagined car engines.!® Consistent focus has
been placed on optimizing the material properties of the electrolytes (e.g. salt solubility, viscosity,
ionic conductivity) comprised of linear and cyclic carbonates mixed with lithium salts.””
However, the importance of the surface chemistry between the electrolyte and the electrodes has

complicated the search for new materials, particularly for high voltage applications.!'%!2

During charge cycling, the electrolyte can undergo direct oxidation/reduction to produce
organic polymer compounds and inorganic salts that deposit on the electrode surfaces.>'? Ideally,
these films protect the interface from further degradation by blocking additional electron transfers,
but allow for continued ion transport. As a result of the desired ion conductivity, the solid film is
referred to as a solid electrolyte interphase (SEI). The occurrence of a readily formed SEI at the
anode/electrolyte boundary has raised the possibility of tailoring the surface film through
modification of the electrolyte composition.'*!¢ In spite decades of research, a clear connection
between the electrolyte composition, charge transfer properties at the SEI, and device rate

performance remains elusive.!”'® The inability to establish structure-function relationships for the



SEI derives, in part, from uncertainty surrounding the structure and dynamics of the electrolyte at
this complex interface.!>?° The work presented in this manuscript is focused on the question of
how the presence of the SEI changes the electrolyte structure and dynamics, with implications for

the evolution of the SEI and device performance.

In order to place non-aqueous battery electrolytes in the greater context of the literature on
electrolytes at interfaces, this discussion will be connected with three behaviors reported at
aqueous electrolyte interfaces: ion accumulation, ion pairing, and changes in electrolyte dynamics.

The behavior of solutions comprised of salts dissolved in water has been explored extensively by
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both computational modeling and experimental measurements at air/water, mineral/water,
33 and liquid/water interfaces.>**> While the origins and magnitudes of the effects of the interface
are still in dispute, three impacts are particularly relevant to the work discussed subsequently.
First, there is growing consensus that the boundary can impact the local ion concentration at water
interfaces.’®3” This effect, termed the specific ion effect, has been shown to favor the migration
of larger polarizable anions to the air/water interface and the repulsion of smaller charge dense
cations.®® At salt surfaces, similar to those found in a battery at SEI films, the accumulation of
positive charges is favored over the anions by the competition between water and anion
coordination to the surface-embedded cations. The second impact of note at the electrolyte
boundary is an increase in ion association, or ion pairing.?>***#*! The magnitude of the increase in
ion pairing between cations and anions at the surface is likely dependent on a complex balance of
their attraction to each other, solvation free energies, and the binding of all three components
(cation, anion, and solvent) to a second condensed phase.**** In the case of alumina, for example,

fluoride was shown to associate more readily with sodium at the mineral surface while other

halides did not exhibit greater ion pairing.>3 The third impact of interfaces observed from aqueous



electrolytes is their influence on the local electrolyte dynamics. Ion pairs can cooperatively slow
down water rotation** and diffusion in the bulk,* and mineral surfaces can slow local vibrational

dynamics.?¢

While a wealth of literature exists on the behavior of aqueous electrolytes at interfaces,
relatively few reports are available for carbonate electrolytes found in lithium-ion batteries. We
have previously quantified the behavior of carbonate electrolytes at SEI films in terms of the same
three phenomena identified for water mixtures: ion density (accumulation), ion association (ion
pairing), and electrolyte dynamics. Our studies were conducted at LiF, Li»CO3, and lithium
ethylenedicarbonate (Li.EDC) surfaces, using classical molecular dynamics (CMD),***7 since all
three compounds have been detected in the SEI formed from ethylene carbonate (EC) mixed with
LiPFs,'® We found that lithium ion accumulation was accompanied by increased ion pairing and a
slowing of electrolyte dynamics up to a nanometer away from the surface films.*® Given previous
reports of the dependence of interfacial effects on the simulation model,*>*#-3° comparison of our
results with other approaches is vital. The slowing of electrolyte dynamics at the SEI has been
corroborated by a recent ab initio molecular dynamics (AIMD) study of EC-based electrolytes at
the LiF surface.’’ Ion accumulation has been reported from classical simulations employing
explicit polarization at amorphous dicarbonate interfaces, however greater ion association at the
Li,EDC surface was not observed.’> We note that comparison with our results in this case is not
completely straightforward since the model employed a different nonbonding interaction, a
slightly different electrolyte composition, and a significant difference in ion-pairing in the bulk
solution far from the interface. In addition to SEI surfaces, CMD simulations have also explored
ion adsorption at clean graphite,’>>>* LiFePQ4,% and gold electrode surfaces.’® In the case of

graphite, the strength of the lithium solvation shell prevented significant ion accumulation until



the application of voltages approaching the intercalation threshold. In contrast to graphite,
significant ion adsorption wells were found at the lithiated iron phosphate surface. With regard
to ion association, significant changes in ion solvation structure were seen at gold electrodes for
lithium ions dissolved in dimethyl carbonate. These final studies suggest that the impacts of
interfaces on battery electrolyte structure and dynamics extends beyond the inorganic films

previously considered.

With concerns about the sensitivity of interfacial effects to the inclusion of polarization, it is
important to consider the influence of the force field employed on the three impacts previously
reported. One of the most straightforward alterations that can be made is reconsideration of the
partial charges associated with the atom types. The technique of charge scaling has been discussed
extensively for applications to bulk water solutions and has been shown to improve the solvation
structure and diffusion properties of simple ions in comparison to their unscaled counterparts.®’
The use of scaled charges has found a rigorous explanation as a means of including the mean field
polarization of the solvent.’®° While normally suspect for applications at interfaces of
discontinuous dielectric constant, some success has been demonstrated at surfaces when the
change in dielectric is less abrupt than the water/air interface.>* Chaudhari et al. applied the
technique to develop a solvent charge-scaled model for ethylene carbonate (EC) and greatly
improved its coordination with lithium as compared to AIMD.®® By scaling the atomic partial
charges, the EC dipole was corrected to match the value from condensed phase environments with
greater fidelity than charges taken from gas phase calculations with electrostatic potential fitting
(ESP).®! In this report, we seek to expand our previous investigation to consider the impact of ion
association, tuned by the use of charge scaling, on ion accumulation, ion pairing, and electrolyte

dynamics. While not intended as a replacement for the accuracy of explicit polarization,®? this



approach allows us to compare the behavior of two electrolytes: one that produces solvent-
separated ion pairs in the bulk environment, with a solution that contains more tightly coordinated
contact ion pairs in bulk. This work contributes to understanding the general role of ion association
and surface-solvent interactions on the electrolyte structure and dynamics at SEI interfaces. By
making use of a variety of CMD simulations, we show how weakened solvent interactions result
in substantial changes to the ion accumulation, association, and dynamics that provide some insight

into the differences reported for simulations of electrolytes at the SEI interface.

II.Methods:

The SEl/electrolyte interface was described throughout using a previously developed Class 2
force field (CFF),**3 and the interested reader is referred to the cited works for more details. The
CFF model has been shown to accurately describe the structure and thermodynamics of

carbonates®3%6

and the bonding terms in our classical molecular dynamics (CMD) simulations
were taken directly from the CFF91 parameter file included with the LAMMPS distribution.®”-68
The partial charges for EC, LiPFs, Li,EDC, and Li,CO3 were chosen to reproduce electrostatic
potentials (ESPs) from gas phase calculations within density functional theory (DFT) using the
PBE functional and a 6-311G** basis set.**>3 The ESP fitting was done within CP2K%~7! and all
CMD simulations were carried out within LAMMPS. The original partial charges were
incorporated in the “non-scaled” model discussed extensively throughout the remainder of this
manuscript. A charge-scaling approach was adopted in order to study the interplay of ion
association and solvent-surface interaction with electrolyte behavior at the SEI. Chaudhari et al.
showed that the use of scaled charges on EC relaxed the exaggerated solvation structure of the

lithium ions in the bulk phase that often occurs when relying on two-body nonbonded forces.*%7

Following the work of Chaudhari et al., a second model was developed by multiplying the charges



on EC by a factor of 0.9 to account for mean field polarization in the bulk electrolyte. This second
model will be referred to as the “g-scaled” model in the discussion that follows and provides a
contrast of greater ion association relative to the non-scaled model. As shown subsequently,
scaling the charges on EC caused a transition from solvent-separated ion solvation structures in
the CMD simulations to contact ion pairs between the salt ions. Hence, the g-scaled model served
as a means to study general electrolyte behavior at various interfaces. Contrary to the observations
from Chaudhari et al., we found that attempting to scale the charges on EC more aggressively,
multiplying by 0.8 rather than 0.9, led to unphysically large aggregation of the lithium salt at the
temperatures considered and was not explored further. It should be kept in mind that though the
model bears the title “g-scaled”, only the EC charges have been scaled and none of the other
species had their partial charges altered from the DFT results. The long-range electrostatic
interactions were included in the simulations via the PPPM approach and a 9-6 Lennard-Jones
potential was used to account for the remaining nonbonded interactions. The Lennard-Jones
parameters were chosen based on CFF91 atom types and mixing rules, with the exception of the

EC and LiPFg interactions which were previously force-matched to AIMD trajectories.>

Simulation cells for bulk electrolyte were filled by random packing and models of the
SEl/electrolyte interface were constructed by dividing the box into three sections, see Figure 1, for
the molecular structures and the box setup. The bulk electrolyte simulations used an initial S0A x
50A x 50A cube containing 1129 EC molecules and 75 LiPF¢ formula units. For simulations of
the SEI interface, electrolyte was added to the center section of the simulation cell at a
concentration of 1.2M and a density in agreement with the results from the bulk simulations. The
electrolyte region was built with a concentration higher than the usual 1.0M to account for the

accumulation of ions at the surfaces. As seen in previous simulations, ions quickly adsorb to the



SEI surfaces, reducing the bulk concentration to around 1.0M in most cases. The two outside
sections of the cell were filled with the SEI material and the entire cell was subjected to periodic
boundary conditions in all three dimensions. Two different approaches were taken for packing the
SEI boxes in accord with recent transmission electron microscopy studies that show both
amorphous and crystalline regions in the surface films.”>~’¢ Following our previous work, crystals
of LiF and lithium carbonate were considered with the [100] face of LiF and the corrugated [010]
face of Li2COs3 wetted by the electrolyte. In both cases the bulk lattice vectors were used to recreate
the crystals from their unit cells in the SEI regions. Since Li;EDC represents a larger oligomer
(for the molecular structure see Figure S1 in the Supporting Information), it was assumed to be
amorphous and these SEI regions were packed randomly using Packmol.”” The starting width of
the electrolyte region in the Z direction (see Figure 1) is 160 A and the width of the two SEI regions
are around 20 A each, subject to the constraint of fitting the required number of unit cells for the
crystalline films. The electrolyte region was made much longer than the SEI boxes to guarantee
that the center of the electrolyte region would have bulk-like behavior with minimal surface
effects. (See Supporting Information for the number of molecules added in each simulation). The
cross sections of the SEI simulation cells in the xy-plane were chosen to be around 70A x 70A for
the inorganic crystalline films and 60A x 60A for the amorphous Li»EDC. By comparison with
smaller box sizes, it was determined that such large cross sections were necessary to provide

reasonable convergence of the surface structure over the course of 40ns simulations.

Each simulation cell was equilibrated following construction, beginning with the bulk
electrolyte using both the non-scaled and g-scaled force fields. For both bulk simulations, the
system was heated from OK to 453K using a Langevin thermostat followed by 5 ns of simulation

at 1 atm via a Nose-Hoover thermostat and barostat. The densities found from these simulations



were used to build the SEI interface cells which were equilibrated by applying the same simulated
annealing technique used in a previous study.*® For the crystalline SEI films, the lattice
configurations were frozen during the simulation and annealing was carried out on the electrolyte
to drive faster equilibration of the surface structure. The electrolyte was heated to 1200K using a
Langevin thermostat, propagated for 5 ns with a Nose-Hoover thermostat, and then cooled back to
453K and equilibrated for another 5 ns. In the case of the amorphous Li,EDC film, the SEI films
were first annealed under NVT conditions and the SEI portion was heated past its melting point to
900K. Following the heating of the SEI film, it was allowed to evolve for 2 ns and then gradually
cooled back down to 453K over 2 ns. Once the SEI was finished annealing, the whole system
(SEI+electrolyte) was equilibrated at 1 atm of constant pressure and 453K for 3 ns. For all three
types of SEI simulation cells, production trajectories were collected over an additional 40 ns at
453K. As noted in previous work,**32 higher temperatures than typical operating conditions
(300K) were used to accelerate the simulations and convergence of electrolyte densities. Faster
convergence of the calculated ion densities and solvation structures were particularly important

for the final set of resource-intensive simulations carried out at graphite electrodes.

Having considered the impact of charge-dense inorganic films, the bare graphite electrode
interface provides a contrast with tunable electrolyte—surface interactions. Figure 2 shows the
configuration of the electrode interface as a series of graphite sheets in contact with a solution of
EC and 1M LiPFs. At low voltages, ions do not accumulate at graphite as a result of the weaker
van der Waals attraction competing against the strong coordination of EC in the lithium solvation
shell. However, our interest was also in considering the impact of an applied voltage and previous
investigations of the graphite/SEl/electrolyte interface showed the importance of including both

electrode polarization and applied voltage.>-* As a result, the image charge method developed by



Petersen et al. was implemented within LAMMPS to treat the graphite electrode as a perfect
conductor and to consider two different voltage differences across the electrodes in the simulation:
0V and 3V (a drop of roughly 1.5 V on either side of the simulation cell). 7® The same strategy for
implementing the electrostatics was used as discussed in Ref. 56. In both instances, the
nonperiodic nature of the electrode configuration was accounted for in the PPPM evaluation and
a similar size simulation cell was employed (namely 26.77A x 25.524A x 105A). The initial
configurations for these electrode simulations were generated by randomly placing 36 LiPFs and
511-540 EC molecules in the electrolyte section of the cell followed by addition of the graphite
particles and images charges on either side. Interactions with the image charges were included as
the electrolyte was heated up to 450K and equilibrated for 5 ns under NVT conditions with a Nose-
Hoover thermostat. As in the cases with the SEI simulations, production trajectories were carried

out for an additional 40 ns.

III. Results and Discussion:

a. Comparing Non-scaled and Q-scaled Bulk Electrolytes

The changes in the bulk electrolyte structure as a result of swapping the non-scaled and g-
scaled force fields demonstrates the relevance of these models to exploring ion association at the
interface. Figure 3 contrasts the ion pairing in the bulk phase of the non-scaled and g-scaled
solvents and shows that while the shape of the radial distribution functions (RDFs) do not change,
the magnitudes of the peaks differ substantially. As expected, the peak in the Li—P RDF occurs
between 3—4 A since the fluorines attached to the phosphorous take part in the first solvation shell
and not the phosphorous directly. In the non-scaled electrolyte, the average coordination of the
lithium ions by PFs is 0.3 phosphorous atoms with 73% of lithium solvation structures not

containing any coordinating phosphorous. While Figure 3 refers to the bulk electrolyte at the



elevated temperatures used in subsequent simulations (453K), the results at 313K demonstrate
even greater ion dissociation (see Figures S2-S3 in the Supporting Information). The solvent
separated nature of the ion pair in the non-scaled solvent is in agreement with preferences found
from AIMD simulations,’”#° Raman spectroscopy,®! NMR spectroscopy,?>%? and studies of similar
cyclic carbonates.?*3¢ However, the degree of ion dissociation is more extreme than that seen in
the CMD work of Borodin and Smith who showed much tighter ion pairing with an average

coordination number of 0.8 to 1.2 phosphorous atoms in the bulk electrolyte.?’

The impact of the g-scaled model is to fundamentally alter the ion association by increasing
anion coordination. Figure 3 shows that with the g-scaled force field, phosphorous coordination
increases to an average of 1.04 atoms with 38.1% of lithium solvation structures having a single
phosphorous and 30.0% containing multiple phosphorous atoms. The increase in coordination by
PF¢ 1s matched by a decrease in EC carbonyl oxygen coordination to lithium (see Figures S2—S4
in the Supporting Information), which drops from 4.18 in the non-scaled solvent to 3.37 in the g-
scaled description at 453K. The difference in ion association seen between the two electrolytes at
453K 1is also seen in comparison between the g-scaled and non-scaled results at 313K, as shown
in the Supporting Information. The RDF between phosphorous and hydrogen from the EC
molecules shows a much weaker solvation structure for the anion, consistent with a much weaker
anion—solvent interaction (see Figure S5 in the Supporting Information).’® Nevertheless the
coordination number for hydrogen surrounding the phosphorous anion also drops from 24 to 20 in
comparing the non-scaled and g-scaled results. Given the 4 hydrogen atoms per EC molecule, the
loss in EC coordination for the anion agrees with the loss of about one EC from the lithium

solvation shell.



Having shown how charge scaling tunes the electrolyte from salt dissociated to ion pairing,

we next considered changes to the electrolyte dynamics. The diffusion coefficient for Li* with the

2
dissociating salt model (non-scaled) is 1.00 x 1071° mT at 313K, while the result within the ion-

2
pairing model (g-scaled) shows a slightly higher result of 1.29 x 1071° mT Both results agree
reasonably with reports from NMR studies suggesting the lithium diffusion coefficient as
2
1.53 x 10710 mT’gg and show the customary increase in ion mobility with charge scaling. The

diffusion coefficients for EC and PF¢ at 313K also agree well with experiment (39% and 45%
error respectively in the non-scaled electrolyte). In comparing the diffusion of EC and PF¢ in the
non-scaled and g-scaled electrolytes, they follow the same trend as Li* of greater mobility with

charge scaling with increases of 60% and 22% respectively. Naturally, with increased temperature

2
the Li" diffusion coefficient increases and is found to be 10.66 X 10~1° mT at 453K within the

2
non-scaled electrolyte and the EC diffusion coefficient is found to be 21.57 x 10710 mT, about an

order of magnitude larger than their reported values at 313K, %39 but within a factor of 2 of values
reported at 363K.37 The impact of the g-scaled force field on diffusion at the higher temperature
remained minor: the diffusion coefficient for lithium increased by 16% and that of EC increased

by nearly twice that amount, 31%. In contrast to the lithium ion and EC solvent, the anion diffusion

2
coefficient decreased by 14% of its original value (14.81x 10710 m—) at 453K. The decrease in

S

PF¢ diffusion is a direct result of the increase in ion pairing upon charge scaling, as evident from

Do
the ratios of the diffusion coefficients. The value of ~ ' "6 / Dwdecreased from 1.4 in the non-
l

scaled electrolyte to 1.0 in the g-scaled simulation at 453K, indicating that the average motion of

the anion becomes more closely coupled to that of the cation.



The greater coupling of the ion motion in the g-scaled result was also reflected by changes
in the observed solvent residence time, 7;;_p, shown in Figure 4. The residence time is extracted

from the solvation residence correlation function defined by:

(H3o (0 HG, (1)) (1)

where HX ,(t) is a Heaviside function that gives a value of 1 when species X is within a cut-off
distance from the lithium ion, and O otherwise. The brackets in Eq. 1 indicate an average across
all lithium ions and over different time origins during the production trajectory. Figure 4 shows
that the anion remains stuck to the lithium much longer in the g-scaled electrolyte with the
residence times lengthening by a factor of five (0.17 vs. 0.92 ns). The factor of five is unique to
the phosphorous residence time, however, since the EC lifetime remain relatively unchanged
(0.076 vs. 0.087 ns) in the electrolyte with contact ion pairs (q-scaled) versus dissociated salt (non-
scaled model) (see Figure S6 in the Supplemental Information). Thus the solvent exchange
remains faster than the time scale associated with the anion, in agreement with Borodin and
Smith.?” In summary, by considering the changes in solvation structure and dynamics, it is clear
that the non-scaled electrolyte favors a solvent-separated ion pair in the bulk electrolyte whereas
the g-scaled electrolyte results in greater ion pairing and coupled transport. The question we seek
to address in the remaining sections is whether this difference in ion association affects previous

observations of ion accumulation, pairing, and dynamics at the SEI surfaces.
b. Ion Accumulation at SEI Interfaces

The ability for interfaces to attract ions can alter the chemistry observed at the
electrode/electrolyte surface. For example, Lu et al. have proposed using very high concentrations

of lithium salt (5M) to form a reversible protective coating for the electrode surface that would



avoid the loss of active lithium to the formation of a long-lived SEI film.”® Under the application
of a bias voltage, the migration of ions to the graphite surface helps to exclude the solvent and
provide greater electrochemical stability to the electrode surface. Specific ion effects that increase
local anion concentration at the battery interface could play a similarly critical role in determining
surface chemistry. Figure 5 shows the resulting density profiles for the three SEI surfaces
considered. In each case it is clear that the interface favors local accumulation of salt ions
independent of the bulk electrolyte properties, in agreement with prior reports using both simple
pairwise nonbonded interactions and many-body explicit polarization.*6? Beginning with the LiF
surface, it is clear that the degree of ion association does not impact the location or the magnitude
of the first maxima in the lithium or hexafluorophosphate densities. Indeed, the lithium density is
nearly indistinguishable between the two models and the anion peak is only slightly higher in the
g-scaled electrolyte. The first maxima in the ion densities correspond to the adsorbed layer of the
ions directly exposed to the LiF surface and shows a very tight peak for the small lithium ions,
followed by a broader feature for the larger anions which are less strongly attached to the surface.
The identification of the anion peak arising from adsorbed species comes from the observation that
the peak occurs roughly 14 away from the maximum in the lithium density. In the bulk solution,
the Li—P RDF shows a separation around 3.24, so the anion density increases too closely to the
lithium ions to be a second layer attached to the adsorbed lithium layer. This conclusion is
supported by the RDE’s at the surface which show the growth of a new peak around 2.5 A from
the lithium 1on that arises from the surface bound anions. The increase in anion density at the
interface is presumably a result of weaker coordination of surface lithium by the g-scaled EC
solvent. The correlation between the small change in anion density and EC density at the crystal

surface is verified in Figure S7 (see the Supporting Information) by comparing the non-scaled and



g-scaled electrolytes. Since all of the density plots in Figure 5 are normalized with respect to their
bulk values, it appears that the change in bulk ion association is not as important as the reduction

in the EC—surface interaction.

In contrast to LiF, the non-scaled and g-scaled electrolytes differ more significantly at the
lithium carbonate surface. Since the [010] surface of lithium carbonate is corrugated, and surface
relaxation is ignored for simplicity, there are two peaks in the lithium ion density over the first
several angstroms from the surface. The first peak corresponds to lithium ions settling into the
valleys present on the surface between alternating layers, while the second represents coordination
to the surface oxygens that protrude further into the electrolyte on alternating layers. The first
peak in the lithium density is rather unaffected by the change in nature of the solvent, consistent
with the facts that these ions must shed most of their bulk solvation structure to occupy the valleys
on the surface and that the EC molecules do not compete with the lithium to coordinate these sites.
The second lithium peak, however, increases by nearly a factor of two in the ion-paired electrolyte.
The increase in lithium density with ion association is a result of two factors: 1) weaker lithium
coordination by EC allowing for stronger association with the surface oxygens and 2) greater ion
association with the anions which can also adsorb more readily. Not only is more lithium found
at the crystal surface, but there is an increase in the amount of anion present in the g-scaled
electrolyte. Consulting the density plot for EC with respect to the lithium carbonate surface (see
Figure S7) shows that the effect of g-scaling significantly changes the coordination of EC at the

crystal film allowing for more anions to adsorb.

The difference in EC behavior at LiF versus lithium carbonate remains connected to the
interaction of the EC with the surface groups. In the case of LiF, the EC lay flatter against the

crystal and form several contacts with the underlying surface charges, as shown previously.*¢ In



the case of Li2CO3, the EC orient more perpendicular to the crystal surface and coordinate either
by contact between the crystal lithiums and the EC carbonyl oxygen, or between the surface
oxygens and the EC hydrogens. Having less exposure to the surface makes the EC interaction
more dependent on the charge on a single atom (the carbonyl oxygen) and thus more sensitive to
the scaled charges in competition with the anion. Hence, in the case of lithium carbonate, both the
weakened EC—surface interaction and the greater ion association present in the g-scaled electrolyte

allows for greater lithium accumulation.

The significant change in ion accumulation with greater bulk association seen for lithium
carbonate carries over to the lithium ethylenedicarbonate (Li.EDC) surface. Given its amorphous
structure, the location of the “surface” for this SEI layer was determined from the crossing point
of the dicarbonate density and the EC density (See Figure S5 in Supporting Information). The
magnitude of the ion accumulations in this case are smaller than the previously discussed crystals,
whether referring to the non-scaled or g-scaled electrolytes. The smaller accumulations are
presumably due to the disordered nature of the SEI and the more diffuse nature of its charged
carbonate groups in comparison to the compact, charge-dense ionic crystal surfaces. Another
related difference between the LioEDC surface and the previously discussed crystals is the lack of
a strongly structured EC layer at the surface.*® The density of EC is relatively flat at the Li,EDC
surface (see Figure S7) and only gradually drops to zero by deformations in the surface film at the
Angstrom length-scale. The lack of EC ordering and density changes indicate that the EC—surface
interaction is not as strong as seen for the previous films. Ion accumulation is therefore more
dependent on the weakened ion solvation shell in comparing the g-scaled and non-scaled results.
This conclusion is based on the lack of significant changes in EC density with changes in ion

association, in contrast to the behavior at the lithium carbonate surface, yet persistence of the



increased ion density. The connection between strength of the solvation shell and ion
accumulation comes from the greater ability for LibEDC to coordinate electrolyte lithium ions with
fully charged carbonate groups. Ion accumulation in this case is driven less by changes to the EC-
surface coordination and more so by the changes in bulk ion association. Beyond the noted
changes in the ion densities, a second impact of the g-scaling at Li,EDC is to allow the EC solvent
to form slightly deeper protrusions into the SEI material, as shown by the EC density profile in

Figure S7 (See Supporting Information), and the deeper ion penetration seen in Figure 5(c).

To summarize the results for the inorganic SEI, all exhibit ion accumulation and in all cases
the use of the g-scaled solvent increased the densities of ions present at the interface. The origin
of the differences between the non-scaled and g-scaled electrolytes varies dependent on the
strength of the EC—surface coordination. When the EC is strongly bound to the surface, the
increased ion accumulation arises strictly from changes to the EC-surface interaction, for example
the case of strongly bound EC at the LiF surface. However, when the EC is more weakly bound to
the surface, accumulation is more sensitive to bulk ion association, as seen in the case of lithium
carbonate and LiobEDC. These findings suggest that not only is it important to recover accurate
bulk solvation structures, but to also accurately account for the EC—surface interaction at inorganic

crystal film surfaces.

In contrast to the inorganic SEI films, the edge plane of graphite demonstrates ion depletion
from the surface layer rather than accumulation. As shown in Figure 6, the normalized ion density
in the electrolyte layer at the negatively charged electrode, less than 5A from the surface, drops
below the bulk value for both the OV and 3V simulations. The exclusion of lithium from the
graphite surface is caused by a shift in the balance between ion—surface attraction and the EC

solvation shell from the case of the inorganic surface films. In contrast to the SEI surfaces, which



attracted ions based on electrostatic binding to embedded surface charges, the energetic cost for
ion desolvation is not compensated at graphite by the gain in surface interactions. For our model
of the graphite electrode particle, interactions with ions are limited to a combination of weaker van
der Waals forces and image-charge interactions. In contrast to the ions, the EC forms a structured
layer at the surface that also discourages ion migration (see Figure S8 in the Supporting
Information).’® Within the context of our previous discussion, one can anticipate that with the
stronger EC—surface interaction, the impact of this interface on the ion density will be minimal.
The favoring of bulk solvation over surface interactions at the graphite surface is also seen in the
anion density. Hexafluorophosphate is solvated more weakly by EC, allowing for a larger amount
of anion accumulation near the surface and a shifting of the anion density maximum closer to the
surface. The depletion of both ions in the first layer at OV is balanced by accumulation in the
second layer of the electrolyte, from 1.6 to 2.0 times their bulk values. With an applied voltage
(and concomitant addition of negative surface charge density to the right electrode surface), the
amount of lithium seen at the right electrode increases substantially, in excess of 6 times its bulk

value, but remains separated from the electrode surface by the first layer of EC.

Turning to the impact of bulk ion association between the two electrolyte models, the same
trends are shown as in the case of the inorganic surface, but in the limit of even stronger EC-surface
interactions than seen for LiF. The EC density at graphite is unchanged while the ion densities see
significant reductions in local accumulation with greater ion pairing. At OV, the lithium density is
reduced by 27% from the peak seen for the non-scaled model and the reduction is more substantial
with applied voltage. At 3V the reduction in the lithium ion density between the non-scaled and g-
scaled electrolytes is close to 60%. For the simulations at 0V and 3V, the smaller lithium density

using the g-scaled solvent must depend on the difference in the bulk solvation structures since



there is minimal direct contact with the surface. The diminished attraction to the right electrode
arises from the difference in interaction between the partially screened electrode and the closely
coupled ion pairs in the g-scaled solvent versus the dissociated ions, in analogy to the trend seen
for ion conductivity with changes in ion association.®* In summary, ion accumulation near surfaces
(beyond the first adsorbed layer), is more sensitive to the bulk electrolyte behavior than when they

strongly adsorb to the surface.
¢. lon Pairing at the Interfaces

A direct correlation has been observed between systematic changes to the lithium ion
solvation shell and the composition of the SEI at the electrode surface. The correlation has been
investigated in experiments altering co-solvent ratios,’' salt concentration,’? and the identity of the
anions coordinating to the lithium ion.”> Hence, the ability for the SEI interface to drive changes
in ion solvation structure will likely impact the continued evolution of the surface film. Given that
the non-scaled and g-scaled electrolytes differ significantly in their bulk phase ion association, the
question that naturally arises is whether these changes in bulk solvation alter the coordination
behavior as one approaches the SEI surface. Figures 7—8 show the changes in coordination number
as the lithium ion approaches the Li2CO3 and LiEDC surfaces, respectively. As can be seen in
the case of the lithium carbonate, the lithium solvation shell takes on more anions in exchange for
the EC coordination as one moves towards the adsorbed layer. Since the bulk value for the anion
coordination is 0.3 in the case of the non-scaled solvent, the surface coordination jumps to around
1.9 phosphorous atoms at the film surface. The transition in solvation environments is aligned
with the predicted increase in ion density at the surface, but the magnitude is surprising given that
it spans the range from solvent-separated in the bulk to an aggregated structure involving multiple

coordinated anions at the surface. The change in ion association for the g-scaled electrolyte is less



extreme relative to its bulk value but also predicts a transition to a highly aggregated structure at
the crystal surface (from roughly 1.0 atom in bulk to 3.0 coordinating anions at the surface). Both
models follow the same relative decline in EC coordination commensurate with the spike in anion
coordination. The same effect is seen in the case of LiF (see Figure S9 in the Supporting
Information), suggesting that at ionic crystal surfaces the impact of increased bulk ion association
is to reduce the relative change in coordination number and to give aggregated structures similar
to those seen for solvent-separated ions. This observation provides a possible clue to previous
disagreement with the observations of Bedrov and Borodin,>? since their model possessed greater

bulk ion association which could lead to more moderate relative changes at the surface.

Figure 8 serves to provide a puzzling addition to this study since it shows very minimal
relative changes in solvation structure at LbEDC when switching from the non-scaled electrolyte
to the g-scaled solvent. The overall anion coordination numbers at Li,EDC are smaller than those
seen for the inorganic crystals, in agreement with the lesser amount of ion accumulation discussed
previously. However, the trend with ion association that was seen for the inorganic crystals is not
repeated here. With increasing salt pairing in the bulk solution, one does not see a dramatic
difference in coordination at the surface with respect to bulk. In the case of the non-scaled
electrolyte, i.e. low salt association, the coordination increases to 0.76 which is still a bit less than
a contact ion-pair on average. In the case of the g-scaled electrolyte, i.e. higher salt association,
the coordination increases to 1.75 which is nearly the same relative increase as seen for the non-
scaled solvent with respect to its bulk value. The anion coordination does remain higher for the
g-scaled solvent as one moves into the SEI film region, however this is likely connected to the
deeper penetration of the electrolyte into the SEI. The link to electrolyte penetration is supported

by the lower Li,EDC oxygen coordination in the g-scaled simulation.



One explanation for the differences in behavior between the inorganic crystals and the
Li,EDC surface is that the crystals drive such a strong adsorption of lithium at their rigid boundary
that the adsorbed electrolyte layer saturates with ions. Hence there is no room to accommodate
larger aggregates and the g-scaled electrolyte is limited in how much the anion coordination can
increase at the surface, having started with contact ion pairs in the bulk environment. In the case
of LizEDC, the ion accumulation is less severe which prevents the same type of saturation and
permits both the non-scaled and g-scaled results to increase in their coordination by similar
amounts in response to their interaction with the amorphous surface and the weakened EC—Li
attraction. Regarding the surface interactions in the models used, overestimation of the binding of
the ions to the LiEDC surface could also produce an artificially high perturbation of the lithium
solvation structure at the interface. One obvious omission in these simulations is the exclusion of
additional polarization considerations for the SEI molecules themselves which could diminish the
coordination of the lithium salts by the dicarbonate group and further shrink the maxima seen in

Figure 8.%

The connection between surface attraction and changes to solvation structure is further
supported by considering ion solvation at the graphite particle, shown in Figure 9. In the study of
ion accumulation, we noted that the weak interaction with the graphite surface did not favor ion
adsorption. The plots of coordination in the lithium ion solvation shell as it approaches the graphite
particle show that the weaker interaction also has minimal impact on the solvation structure around
the lithium ions. At 0V, both the non-scaled and g-scaled electrolytes showed relatively flat EC
coordination profiles. The non-scaled model showed no change up to 4.5 A from the surface and
the g-scaled result showed only a slight increase (approx. 20%) in EC coordination near the

surface. Regarding ion association, both the g-scaled and non-scaled results show little change in



PFs coordination up to 7.5 A from the surface. In the 3 A layer near the surface there is a drop in
anion coordination to '2 of the bulk value in both the non-scaled and g-scaled electrolytes,
suggesting a loss of ion association directly at the graphite surface. However, these configurations
are not energetically favorable and represent a very small population, as shown by the very low
density of lithium ions in this region in Figure 6. With the application of a voltage across the
simulation cell, the right electrode becomes negatively charged. The negative charge on the
electrode draws lithium ions in greater number (as seen in Figure 6) and also perturbs their
solvation structure, as shown in Figure 9. In the 3V simulations, the non-scaled electrolyte once
again shows a consistent EC coordination as lithium approaches the electrode. However, in this
case there is also an increase in anion coordination as one approaches the region of higher lithium
density before trending downward. The loss of anion coordination in the lithium rich layer is
presumably a result of the electrostatic repulsion of the PFs~ from the uniform negative surface
charge smeared across the right electrode. The stripping of the counterions has a greater impact
on the g-scaled results since the anion makes up a larger contributor to the lithium solvation shell
in the bulk solution. The drop in anion coordination from 1.0 to 0.2 is accompanied by an increase

in EC coordination that is not seen in the non-scaled simulations.

In summary of our discussion to this point, the contrast between graphite, Li.EDC, LiF,
and Li,COs suggests that for sufficiently strong ion accumulation, aggregation of ions at the
surface tends toward significant aggregation that is less dependent on bulk ion association. This
is clearly the case for both LiF and Li»COs. Hence, the relative change for ion-paired electrolytes
is less dramatic than for bulk solutions with solvent-separated species. When the ions do not
accumulate as strongly at the interface, as in the case of Li,EDC, the changes in solvation structure

are similar regardless of bulk electrolyte structure. With the application of an electric field, the



degree of anion stripping from the lithium is similar, whether the bulk electrolyte is ion pairing or
not, but the relative changes are more pronounced if there is strong ion pairing in the bulk

electrolyte.
d. Electrolyte Dynamics at the Interface

The final effect of interfaces considered is their impact on electrolyte dynamics at the surface.
These changes were quantified by studying the solvation correlation functions for both EC and
PF¢, see Eq. (1), around the lithium ion in electrolyte layers as a function of distance from the
surface. We have previously shown that the behavior of the solvation correlation function follows
that of the surface residence time in quantifying the slowing of the electrolyte at surfaces.*® Figure
10 demonstrates the substantial contrast in the residence time as one moves from lithium at the
surface to those found in the bulk region. The slower exchange of EC from the lithium solvation
shell persists up to a nanometer away from the interface for each SEI considered. The EC solvation
correlation function for lithium ions adsorbed to the LiF crystal surface shows a very rigid
solvation structure which does not undergo any solvent exchange during the course of the
simulation. The lack of solvent exchange evidences the strong binding of the EC to the interface,
in agreement with the observations made in our discussion of ion accumulation at this surface.
The strong binding of the EC persists even when its charges are scaled, as seen by the lack of
solvent exchange when the g-scaled solvent is employed. The strong EC binding at LiF agrees
with our assessment that EC—surface binding prevents changes to ion accumulation in swapping
the non-scaled and g-scaled electrolytes. Moving away from the LiF surface, the solvation
correlation function takes on an intermediate behavior between the bulk and adsorbed layers. The
residence times for the EC in this second layer reflect the local increase in ion densities and

effective viscosity and thus remain longer than the bulk values. There is a slight increase in how



rapidly the EC correlation decays in the diffuse layer with the g-scaled solvent, which agrees with
the weaker binding to the ions that make up the adsorbed layer at the crystal surface. As seen from
the study of the bulk electrolyte, once one moves far enough from the surface the difference

between the non-scaled and g-scaled electrolytes disappears.

In the case of the LioCO3 surface, we attributed the ion accumulation behavior to a more
competitive coordination of the EC and anion to the surface which is also borne out by the behavior
of the solvation correlation functions. First, at the surface the function is not flat during the time
scale of the simulation, indicating EC solvent exchange occurs, albeit very slowly during the
simulation. Second, the use of the g-scaled solvent causes a faster decay, implying that the EC is
more free to move in this layer once its charges are reduced and its interaction with the Li>COs
surface is likewise reduced. Moving to the second electrolyte layer, the slight slow down of EC
exchange in the g-scaled electrolyte likely arises from the significantly increased amount of ion
accumulation at the interface in contrast to the non-scaled result. While the statistics for the
correlation functions were slightly worse for Li:EDC (see Figure S10 in the Supporting
Information), it follows the same trends seen for the previous two SEI films. Here the mobility of
the EC solvating the lithium ion is greater at the interface, in line with the expectation that the EC
binding to the surface is weaker in the case of Li,EDC than for the other SEI films considered.
The impact of reducing the charges on EC is minimal and results in only slightly faster residence
times. Finally, in the case of graphite the EC dynamics are not substantially impacted by the
charge scaling or the application of bias voltage at the carbon surface (see Figure S11 in the
Supporting Information). In summary, the EC solvation dynamics at the film surfaces are
significantly slowed by the presence of the inorganic interface and the impact is proportional to

the strength of the EC—surface interaction. The effect of the interface on solvent dynamics in the



diffuse region outside the adsorbed layer are fairly muted, but are sensitive to subtle changes in

electrolyte structure outside of the adsorbed layer.

Regarding the dynamics of the PF¢~ coordination to lithium, the same trends are seen for all
of three SEI surfaces and an example is shown for Li,COs3 in Figure 11. As seen for EC bound to
LiF, the anions at the carbonate crystal are strongly adsorbed to the surface and do not leave the
solvation shell of the lithium they are connected to during the time scale of the simulation.
Following the adsorbed layer, the anions in the diffuse layer beyond remain coordinated to the
lithium ions longer than in the bulk phase, in agreement with the tendency to form larger
aggregates at the interface. In comparing the non-scaled and g-scaled results, the anion remains
more tightly coordinated in all 3 layers in the g-scaled electrolyte, in agreement with the larger
amount of ion association seen in the g-scaled simulations overall. At the graphite surface the
behavior of the PF¢~ largely follows that seen for the bulk simulations in comparing charge scaled
and non-scaled solvents, indicating the relative immunity of the ion dynamics to the graphite
surface at OV (see Figure S11). With the application of a voltage, the PFs~ is more mobile around

the lithium ions in agreement with the ion stripping seen in the g-scaled model at 3V.

IV. Conclusions:

The formation and evolution of the SEI in rechargeable batteries is sensitive to the
composition and dynamics of the electrolyte layers present at the electrode surface. While
experimental techniques for probing this surface remain a challenge, we have compared the
expectations for this surface to those of well-studied electrolytes and used extensive classical
molecular dynamics simulations to explore the role of several SEI interfaces on altering electrolyte
behavior. In order to address general trends, we considered two electrolytes generated by different

models of the solvent: partial charges taken directly from DFT calculations and partial charges



scaled by 0.9 to provide better agreement with condensed phase measurements. By comparing the
response of the two electrolytes to the interfaces studied herein, we have explored the interplay of
solvent—surface attraction and ion association on the accumulation of ions at the SEI, propensity
for forming aggregate ion solvation structures, and slowing of solvent exchange. These
observations suggest that for ionic surfaces, at which there can be strong coordination of the
solvent, there is an active competition between solvent molecules and the electrolyte salt that
largely impacts the degree of to which excess ions will accumulate. In the g-scaled sovlent, the
solvent—surface interaction is weakened which allows for greater ion accumulation and emphasizes
the importance of accurate modeling of the solvent—surface interaction. Greater ion accumulation
at the inorganic interface drives larger ion association to form aggregate structures with multiple
anions coordinating a single lithium. The degree to which this association differs from bulk largely
depends on the degree of ion association in the bulk; the transition is more pronounced for weakly
associating salts in solution that are driven to form aggregates at the surface than for the electrolyte
that already has strong ion association in the bulk. Regarding electrolyte dynamics, both solvent—
surface interaction and ion association impact the solvent correlation functions. The solvent—
surface binding plays a significant role in altering the residence time of EC at the surface, while
the degree of ion association changes the residence time of the anion across the entire simulation
cell. In the context of other modeling efforts at SEI interfaces, our results indicate the potential
origins for disagreements arising from different descriptions of surface interactions rather than
differences in bulk electrolyte properties. Differences in ion accumulation likely arise from
differences in the description of EC—surface binding, while differences seen in ion pairing behavior
likely arise from differences in the ion—surface interactions. Hence continued efforts to develop

accurate descriptions of electrolyte components at interfaces are vital to the practical application



of classical molecular dynamics simulations to understand the electrolyte/inorganic solid

boundary.

V. Supporting Information: Information pertaining to the simulation setup can be found in
Table S1 and the structure of LiEDC is shown in Figure S1. Additional radial distribution
functions describing the bulk electrolyte structure and dynamics are found in Figures S2—S6.
Density plots for the EC at the four different interfaces considered are found in Figures S7—S8 and
changes in lithium ion coordination as a function of distance from the LiF surface are found in
Figure S9. Figure S10-S11 provide plots of the solvation correlation function at Li,EDC and the

graphite electrodes.
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Figure 1. Snapshot of the Li,CO3 SEI films interfaced with an electrolyte region consisting of
ethylene carbonate (EC) mixed with LiPFs (molecular structures shown in the inset). Atoms are
color-coded for carbon (black), oxygen (red), hydrogen (white), phosphorous (orange), fluorine
(green), and lithium (blue). A location in the electrolyte with respect to the surface of the SEI film
is denoted as Z throughout the text for each of the SEI considered and reported quantities are
averaged over both electrolyte/SEI surfaces present.



Figure 2. A snapshot of the graphite electrode is shown interfaced with an electrolyte region
consisting of ethylene carbonate (EC) and LiPF¢ (see Figure 1 for structures and color coding).
Image charges are indicated by purple spheres and the sign of the surface charges with the
application of a voltage are indicated in parentheses next to the electrode labels.
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Figure 3. The radial distribution functions (solid lines) are shown for the lithium—phosphorous
pair in the bulk electrolyte at 453K described by the non-scaled (black) and g-scaled (red) force

fields. The coordination number for phosphorous around the lithium ion are also shown for both
models (dashed lines).
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Figure 4. The solvation residence correlation function is shown for PFs~ coordinated to Li* in
both the non-scaled (solid) and g-scaled (dashed) models at 453K. The lines were fitted to a

t a
stretched exponential of the form e_(?) to extract the average residence lifetime 7.



Figure 5. Plots of the lithium (blue) and PFs(red) center-of-mass density at the SEI interfaces
using the non-scaled (solid) and g-scaled (dashed) force fields. Results are shown at the (a) LiF
[100], (b) Li2COs [010], and (c) amorphous Li,EDC surfaces and the origin is set to the location
of the surface film. Each curve has been normalized by dividing the density by its average value
in the middle of the cell.
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Figure 6. Plots of the lithium (blue) and PFs (red) center-of-mass density at the graphite edge
plane surface of the right electrode at OV (top panel) and at a total potential drop of 3V (bottom
panel) across the simulation cell. Each curve has been normalized by dividing by the respective
ion density in the middle of each simulation cell. Results are shown for the non-scaled model
(solid) and g-scaled model (dashed).
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Figure 7. Coordination of lithium ions by the PFs~ phosphorous (red) and EC carbonyl oxygen
(black) as a function of distance from the Li,COs surface. All curves are normalized to their bulk
values and the results from the non-scaled (solid) and g-scaled (dashed) force fields are compared.

Error bars are shown for representative points from block averaging across the production
trajectories.
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Figure 8. Coordination of lithium ions by the PFs~ phosphorous(red), EC carbonyl oxygen (black),
and LiEDC carbonate oxygens (purple) as a function of distance from the Li,EDC surface. All
curves are normalized to their bulk values and the results from the non-scaled (solid) and g-scaled
(dashed) force fields are compared. Error bars are shown for representative points from block
averaging across the production trajectories.
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Figure 9. Coordination of lithium ions by the PFs~ phosphorous(red), EC carbonyl oxygen (black),
as a function of distance from the graphite electrode surface. The results for phosphorous
coordination have been scaled by their bulk values for graphing purposes. Curves are shown for
both the non-scaled (solid) and g-scaled (dashed) force fields under OV (upper panel) and 3V (lower
panel) conditions. Error bars are shown for representative points from block averaging across the
production trajectories.



Figure 10. The solvation correlation function for EC coordinating lithium ions, see Eq. (1), is
shown in 5-7A layers centered around 3 A from the surface (red), 9 A from the surface (green),
and the middle of the simulation cell (blue). Results are shown at the LiF surface (left panel) and
Li,COs surface (right panel) using the non-scaled (solid) and g-scaled (dashed) models.
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Figure 11. The solvation correlation function for PFs~ coordinating lithium ions is shown for 5—

7A layers centered around 3 A (red), 9 A (green), and the middle of the simulation cell (blue) from
the Li2COs3 surface. Results are shown using the non-scaled (solid) and g-scaled (dashed) models.
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