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The underlying mechanisms of the solvated lithium cation diffusion and deposition on the Li metal
surface occurring at electrochemical interfaces are still not fully understood. In this work, density
functional theory and a thermodynamic integration method implemented in constrained-ab initio
molecular dynamics are used to calculate the free energy profile for the lithium cation transport
pathway in the absence of an external field. The trajectory and evolution of the solvation complex
surrounding the lithium cation, alongside the effect of salt concentration and diluent presence are
studied in carbonate-based electrolytes including low concentration electrolytes (LCEs), high
concentration electrolytes (HCEs), and localized high concentration electrolytes (LHCEs). Energy barriers
for transport and desolvation are obtained with the thermodynamic integration method and discussed in
relation to the solvation shell surrounding the Li-ion. In dilute electrolytes, the energy barriers for cation
diffusion in the electrolyte phase are relatively low and the final deposition is guided mostly by solvent
reduction. In HCEs, the high connectivity between the primary solvation complex and the rest of the
electrolyte leads to a significant increase in the energy barriers for diffusion, and the ion can get trapped
in the electrolyte slowing down the deposition, while the early development of SEl formation shows a
thick and compact SEI structure built by anion decomposition. In the LHCE the diluent helps in reducing
the barriers found in HCEs and breaking the high connectivity thus facilitating cation diffusion and the
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Introduction

The lithium metal anode remains one promising alternative
for better batteries due to its high theoretical capacity and
low reduction potential." However, lithium metal has several
challenges including extreme volume changes and uneven
lithium deposition during battery cycling.>” In addition,
lithium reactivity leads to the formation of dendrites and
uncontrollable formation of a solid electrolyte interphase
(SEI) resulting in capacity loss and safety concerns.®® Significant
efforts have been made to overcome several of these challenges that
will result in the practical use of lithium metal batteries.">"" Several
of these strategies involve the protection of the lithium metal
anode, through the implementation of artificial SEIs,"*™** polymer
or solid-state electrolytes, additives, ionic liquids, and engineering
of electrolytes and their components.'®>* These modifications in
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simultaneous SEI formation process.

the electrolyte components can lead to improvement in energy
density, cost, and performance. In designing effective alter-
native liquid electrolyte solutions, a significant question remains:
what is the connection between the microscopic structural and
dynamic properties of the electrolyte solution and the observed
cation deposition and initial stages of SEI morphologies and
composition? Establishing this link would be a step ahead in a
true electrolyte design for practical batteries.

The key properties of the electrolyte and its components are
defined by the solvation sheath formed around the lithium ions,
because of its potential to impact the ion mobility as well as the
interfacial behavior.”*2® Each of the components of the electrolyte
including solvents, anions, and additives plays an important role in
the ion mobility through their desolvation and electroreduction
dynamic behavior. For example, the desolvation process of the Li"
cation on the surface is of great importance to understand the
dendrite and SEI formation. This is because at the interface, the
desolvation process is dictated by the electrolyte and its compo-
nents control the interfacial structure that involves reaction kinetics
and ion transport.””*® Additionally, research has focused on corre-
lating the asymmetry of the desolvation/solvation resistance of the
Li cation with the suppression of dendrites.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the structure and dynamics of the solvation
complex also determine the structural and chemical properties
of the nascent SEI due to the partial or total reduction caused
by the electron transfer from the lithium metal surface to the
solvation shell components.*® Thus, solvation shells are of
great importance for understanding the transport and inter-
facial reaction mechanisms.’"*> An example of this is the
application of molecular design based on the solvation ability
of different solvents targeted to improve the performance of
lithium metal batteries.*® However, the fundamental under-
standing of the mechanisms of diffusion and deposition is still
incomplete due to the complex dynamic behavior of these
solvation structures.

In previous work we investigated the effect of the chemistry
of the solvents in the primary solvation sheath formed around
lithium ions in dilute solutions, where we found a correlation
between the reduction potential and the solvation structure and
their effect on the diffusion and deposition pathway.** High
salt concentration electrolytes and the formation of localized
high concentration regions by the addition of weakly interacting
diluent species are some of the strategies shown to enhance the
performance of lithium metal batteries. In this work, we char-
acterize the effect of the primary (and sometimes secondary)
solvation shell structure and the barriers and mechanisms of ion
transport during its pathway from the “diffuse layer” to the
interface with the Li anode and the associated events occurring
during the desolvation process.

We analyze a series of electrolytes from a low concentration
electrolyte (LCE or diluted electrolyte) to a high concentration
electrolyte (HCE), as well as a localized high concentration elec-
trolyte (LHCE). Multi-scale computational chemistry tools have
proved to be useful for understanding the Li ion motion, from the
atomic scale to the macroscopic level, providing additional
insights into the use of computation to help evaluate such
complex phenomena.® In this study, we use density functional
theory (DFT) and thermodynamic integration calculations imple-
mented in constrained ab initio molecular dynamics (c-AIMD)
to calculate the free energy profile of lithium ions with a full
description of the barriers encountered by the cation due to
solvation, diffusion, reaction, and deposition events. We focus
on solutions of lithium bis(fluorosulfonyl)imide (LiFSI) in a
dimethyl carbonate solvent (DMC) with or without a diluent and
with various salt concentrations. Although this solvent choice
limits our conclusions to electrolytes based on carbonate solvents
which may not yield the best battery performances,® the
approach demonstrated here can be employed for any electrolyte
formulation. The identification of the transport mechanisms is
critical to provide new insights into the key steps that would
determine cation deposition and reduction, or its incorporation
into an SEL

Computational and system details

In a previous study, electrolyte formulations (shown in Table S1,
ESIt) that were proven effective in experimental work were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modeled to understand the solvation structures and their inter-
facial reactivity.”” These electrolyte structures have been used
as initial configurations in this work to study the interfacial
behavior and the mechanisms of Li ion diffusion and deposition
with their respective energy barriers during the cation desolva-
tion pathway from the diffuse layer to the surface. The interfacial
region used in this study (electrolyte and Li metal surface) can be
characterized as the diffuse layer of the electrical double layer
as the thickness of the electrolyte is less than ~2 nm from the
metal surface. All electrolytes are composed of LiFSI as the
lithium salt, and DMC as the solvent, and for the LHCE
bis(2,2,2-trifluoroethyl)ether (BTFE) is employed as the diluent.
The LCE, HCE, and LHCE structures are placed on top of a
3-layer (100) Li metal slab. A single crystal layer of fixed helium
atoms is placed at approximately 3 A from the top of the
simulation cell, to prevent interactions of the electrolyte with
the bottom of the Li metal slab due to the periodic boundary
conditions. Additionally, the bottom layer of the lithium metal
slab is fixed to emulate bulk behavior. The simulation cell
dimensions are 17.0 A x 17.0 A x 28.0 A including the electrolyte
on top of the lithium metal slab.

The electrolyte and the lithium metal slab were optimized
using DFT and a short Ab Initio Molecular Dynamics (AIMD)
simulation of ~1 ps was performed to relax all atoms in the
new configuration. All calculations were performed using the
Vienna ab Initio Simulation Package (VASP).***° The pseudo-
potentials used to describe the electron-ion interactions were
the projector augmented wave (PAW)*"** and for the exchange-
correlation functional the Perdew-Burke-Ernzerhof generalized
gradient approximation (GGA-PBE)*® was used. The k-point mesh
used for the surface Brillouin zone integration was Monkhorst-
Pack.** A2 x 2 x 1 k-point mesh was used for optimization and a
1 x 1 X 1 k-point mesh was used for AIMD and thermodynamic
integration calculations. AIMD simulations were carried out in
the canonical NVT ensemble at 330 K with a time step of
1 femtosecond. The Nose thermostat*>*® was used to keep the
temperature constant with a damping parameter set to 0.5. The
energy cut-off for the plane-wave basis expansion was chosen to be
400 eV and Gaussian smearing with a width of 0.05 eV was also
utilized.

Thermodynamic integration calculations were performed
through c-AIMD simulations in the blue moon ensemble as
implemented in VASP. These calculations allow us to track the
desolvation and deposition pathway of a lithium-ion from the
diffuse layer to the lithium metal surface while understanding the
energy barriers and the changes in the solvation complex that are
part of the ion trajectory.”” Additional details about the thermo-
dynamic integration method can be found in ref. 48-50. In this
work, the reaction coordinate defined as the collective variable (£)
is the motion of the lithium cation from an initial location (&)
towards a defined location (&,) in the lithium metal slab with a
small step size of 0.0008 A every femtosecond. Every step in this
trajectory provides a free energy gradient (0F/A¢), the value of the
free energy gradient is obtained by averaging the dynamic trajec-
tories over 100 fs, and the free energy AF is calculated as a path
integral along an arbitrary path between ¢&; and &,.*’

Mater. Adv,, 2022, 3, 6352-6363 | 6353
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Results and discussion

LCEs and HCEs

Fig. 1 shows the initial structures for LCEs and HCEs where the
salt concentrations are 1.21 M and 3.74 M LiFSI in DMC
respectively. Both structures went through the optimization
and short dynamic process described in the Computational
and system details section. To understand the Li-ion mobility
through the LCE diffuse layer and in the vicinity of the metal
surface, a Li-ion (highlighted in green in Fig. 1a) is placed
under a thermodynamic integration constraint to study its
transport pathway. The primary solvation complex formed
around the highlighted lithium-ion is shown in Fig. 1b; it is
formed by two DMC molecules and one FSI anion. In contrast,
in HCEs, the primary solvation complex shown in Fig. 1d is
formed by two FSI™ anions and two DMC solvent molecules.
Images illustrating the Li-ion transport and deposition
features in LCE solutions are shown in Fig. 2 alongside the
free-energy profile and respective energy barriers. From the free
energy profile shown in Fig. 2, we can observe that the lithium-
ion moves with relatively low barriers during the whole path.
Marks 1 through 7 highlight different events/changes in the
solvation shell surrounding the lithium cation during its pathway
(Fig. 2, bottom). Mark 1 is the initial solvation shell as previously
described; the same molecules reconfigure around the Li-ion to
find a more stable solvation shell with lower free energy in Mark 2
(relative change in free energy from Mark 2 to 1 is AF,; = —0.01 eV
and energy barrier between the steps is E,;- = 0.08 €V). From Mark
2 to Mark 3 shown in Fig. 2, one of the initial DMC molecules left
the solvation complex and the tetrahedral structure around the
cation is preserved by the FSI anion coordinating with two
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O atoms. Although the same solvation shell structure remains
for Mark 4, the energy increases from F; = 0.13 eV to F, = 0.20 eV
due to the energetic cost of diffusion of the cation along with its
solvation shell. In Mark 5 a new DMC joins the solvation complex
causing one of the previous DMC molecules to leave the shell
on Mark 6; this indicates the easier rearrangement of solvent
molecules while the same anions remain tightly linked to the
cation in the solvation shell. Additionally, from Mark 2 to Mark 6
the solvation shell rotates so the anion is directed toward the
lithium metal surface. This is because the electron transfer from
the surface exerts a force that first attracts the species with higher
electron affinity, that is the anion. Finally, on Mark 7 all solvent
molecules have left the solvation complex, the anion gets partially
reduced by defluorination and the fluorine atom joins the Li
cation to form LiF, a characteristic component of the SEI layer.
A summary and energy barrier description of all steps evaluated
for LCEs can be found in Fig. S1 (ESIt). The free energy gradient
per step (ie., the forces) in the thermodynamic integration
calculation oscillates around zero because the forces are zero at
a free energy minimum and also at the transition state (maximum
in free energy). These free energy gradients are shown as a blue
trajectory in Fig. 2, 3, 5, and 6.

Fig. 3 displays the mechanism of diffusion and deposition
of the Li-ion in HCEs and the free-energy profile along the
pathway. The energy pathway looks very different than in LCEs
mainly because of the magnitude of the energy barriers. This is
because in HCE solutions a cation does not belong to only one
solvation shell but is part of a highly interconnected 3-D
network. Thus, in HCE solutions, the cation must overcome
extremely high barriers in the desolvation and deposition
pathway. The initial solvation complex shown in Fig. 3 Mark 1 is

OLin@L@o@cLUHOS@NOF(He

Initial structures of the low concentration electrolyte (1.21 M) and high concentration electrolyte (3.74 M) in DMC. (a) Initial structure for the low
concentration electrolyte with initial solvation shell highlighted. (b) Close-up of the initial solvation shell in LCEs. (c) Initial structure for high concentration
electrolyte with one solvation shell highlighted. (d) Close-up of initial solvation shell in HCEs.

Fig. 1
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Fig. 2 Free-energy profile (red) and free energy gradient (blue) as a function of the collective variable ¢ for lithium cation diffusion and deposition in LCE,
1.21 M LiFSIin DMC. Marks 1 through 7 in the free energy pathway are solvation shells illustrated at the bottom. The Li ion migrates from the initial location

in the electrolyte (in 1) to come in contact with the surface atoms (in 7).

formed from 2 DMC molecules and 2 FSI anions, this solvation
complex does not change, from Mark 1 to Mark 2 only the
vertical diffusion of the solvation complex is observed with a
relatively low energy barrier. However, from Mark 2 to Mark 3
the energy barrier is E,,» = 5.61 €V indicating an event that
is energetically taxing or impossible due to the magnitude. The
high energy barrier is in agreement with experimentally found
low cation mobility in HCEs,”" and they correspond to the
binding energies of the Li cation in the 3D structure generated
in HCE solutions.”>* The main reason for this behavior is
highlighted in Mark 3 where the primary solvation complex is
trapped in a highly connected network where the targeted
solvation shell is linked to a secondary or even a tertiary
solvation complex. In such a network, the anions from one

© 2022 The Author(s). Published by the Royal Society of Chemistry

solvation shell coordinate with other Li cations and their
solvation shells. The cation not only has to diffuse out from
the primary solvation shell but from a larger network that
hinders ionic transport through the electrolyte. Therefore, the
electrolyte layer closer to the surface, usually dominated by
anions, gets reduced first and may open a channel for cation
flow. The SEI formation in the HCE is considerably large, most
of the surface lithium is consumed, combining with products
from the decomposition of electrolyte molecules. A summary of
energy barriers and their description is given in Fig. S2 (ESIf).
Dragging such a complex to the surface requires more electron
transfer from the slab. Therefore in step 3, fresh lithium was
added and the cation was able to arrive at the surface with
much lower barriers (steps 3 to 4), the results are shown in

Mater. Adv., 2022, 3, 6352-6363 | 6355
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Fig. 3 Free-energy profile (red) and free energy gradient (blue) of lithium cation diffusion and deposition in high concentration electrolyte 3.74 M LiFSI in
DMC located on top of the surface. Marks 1 through 3 in the energy pathway are solvation shells found around the lithium cation shown at the bottom.
Color code as in Fig. 1.

Fig. S3 in the ESLt Thus, in the free energy pathway (red line) LHCESs

shown in Fig. 3, it is observed that after step 3, the cation The initial configuration of a cell containing an LHCE is shown
trapped in the electrolyte structure is able to return to a normal  in Fig. 4a where the Li-ions have different local environments.
flat pathway (between 3 and 4). Shells 1 to 4 shown in Fig. 4 illustrate different possible primary

© a)“ —O—96—9 [ Shell1 Shell 2
booooooOO0OOo

Fig. 4 (a) Initial configuration of a cell with a localized high concentration electrolyte (LHCE) (1.27 M LiFSI). Shells 1 through 4 showcase examples of
different initial solvation shells that a lithium cation encounters in this electrolyte.
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solvation complexes surrounding a lithium ion in the LHCE
phase. The solvation shells may look like the LCE (Shell 1) or
extremely high concentration electrolyte (Shell 3) and just high
concentration electrolyte (Shell 2 and Shell 4) with and without
diluent respectively. The Li ions in all these different solvation
shells were studied to understand the effect of the primary
solvation complex, as well as the different components of the
LHCE in the cation desolvation and deposition pathway.

Fig. 5 displays the free energy profile of a lithium cation in
an LHCE that is initially surrounded by a solvation complex
Shell 1 (shown in Fig. 4). The initial solvation complex in Fig. 5,
Mark 1 is formed by one component of each species and
includes a solvent molecule, an anion, and a diluent molecule.
When the cation is under the thermodynamic integration
constraint and approaches the lithium metal surface the first
significant change in the solvation complex (Mark 2, Fig. 5)

View Article Online
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occurs by lowering of the free energy to find an even more
stable configuration by substituting the diluent molecule in the
primary solvation complex with a LiF molecule. Such a LiF
molecule was formed from a fluorine atom from the reduction
of a nearby anion bonded to a Li atom.

Fig. 5 shows a relatively flat free energy profile. However,
there are some significant barriers. The largest energy barrier
takes place between steps 2 and 3: E,,/ = 0.37 €V, corresponding
to the diffusion of the solvation complex formed in Mark 2 in
which the anion coordinates with two O atoms to the lithium-ion.
The following barrier between Mark 3 and 4 is E,3 = 0.15 eV and
marks the addition of another fluorine atom to the solvation
complex, as well as the diffusion and rotation of the anion toward
the lithium metal surface. The end of the diffusion pathway of the
cation starting in Shell 1 is a relatively easier step with no energy
barrier and lowers the free energy AFs, = —0.07 (Mark 5) mainly

1.50
1.00

%

L. 050

e

< 0.00

~

>

= 050

slS

A
/O a

Fig. 5 Free-energy profile (red) and free energy gradient (blue) of lithium cation diffusion and deposition in the localized high concentration electrolyte
(top picture). Marks 1 through 5 in the energy pathway are the solvation shells found around the lithium cation that starts in Shell 1 (Fig. 4) and are shown

at the bottom. Color code as in Fig. 1.
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because the anion motion towards the surface is driven by
the anion being reduced and decomposed by the Li metal.
Additionally, after the anion in the solvation complex is part
of the nascent SEI, our cation of interest ends up being
part of a LiF SEI nanocluster on top of the other SEI compo-
nents being created by the reduction of other electrolyte
molecules.
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The main learnings from Shell 1 in LHCEs are that the
diluent being a weakly interacting species is not expected to be
in the primary solvation complex surrounding the lithium ion.
Instead, the diluent does not affect the original Li salt-solvent
coordination and is usually located on the secondary solvation
shell.”®> LHCEs exhibit the advantages of HCEs in the local
environment, but also other advantages including low viscosity,

2.00

3

Wl !

Fig. 6 Free-energy profile (red) and free energy gradient (blue) of lithium cation diffusion and deposition in a localized high concentration electrolyte
(top picture). Marks 1 through 7 in the energy pathway are the solvation shells found around the lithium cation that starts in Shell 4 (Fig. 4) and are shown

at the bottom. Color code as in Fig. 1.
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and lowering of the cost.’® On the other hand, we observe that
the cation is driven towards the surface accompanied by a
changing solvation shell, where SEI components become more
and more involved as the cation becomes closer to the surface.

Fig. 6 shows a lithium cation in Shell 4 in the same LHCE.
This solvation complex is formed by 2 anions and 2 solvent
molecules and its structure resembles the primary solvation
complex found in HCEs, as shown in Fig. 3. However, the main
difference is the absence of the 3D interconnected network
present in HCE solutions. Although the cations shown in Fig. 5
and 6 are placed in the same LHCE and the same cell structure,
the free energy profile of the diffusion and deposition pathway
presented different energy barriers and transport mechanisms
indicating the effect of the primary solvation complex.

At the beginning of the ion transport pathway (from Mark 1
to Mark 4 in Fig. 6), the changes to the primary solvation
complex include only the solvent molecules. For example, from
Mark 1 to Mark 2 one of the initial DMC molecules leaves the
solvation complex, and later, on Mark 3 the other initial DMC
molecule swaps places with another solvent molecule. All these
changes occur relatively easy with low barriers (~ < 0.15 eV). In
contrast, the largest barrier was found from Mark 3 to Mark 4 at
E.3 = 0.58 eV and corresponds to the diffusion of the solvation
complex of all molecules found in Mark 3. Additionally, the
events in Mark 4 allow us to understand the role of the diluent
on the secondary solvation shell. By zooming out of the primary
solvation shell we can observe that it is surrounded by the
diluent molecules and their role is to lower the energy barriers
for the cation to dissociate from the anion during the diffusion
and deposition process. Although this initial primary solvation
shell resembles the one in an HCE, the LHCE diluent in the
secondary solvation shell breaks up the high connection
between the primary and secondary solvation shells present
in HCEs. Thus, in contrast with the HCE environment, the
diluent isolates the anion-cation complex, which can finally be
disrupted.

The diluent molecules allow the solvation complex to
approach the surface and from Mark 4 to Mark 5 in Fig. 6,
the solvated ion moves with E,,, = 0.45 eV, where the solvent
molecule has left the shell possibly temporarily displaced by
the diluent, defining an alternative slightly higher local concen-
tration environment. Toward the end of the pathway (from
Mark 5 to Mark 7) the diluent molecules move out of the

a) b)
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diffusion pathway facilitating ion diffusion.>” At the end (from
Mark 6 to Mark 7), the anions get reduced by the cleavage of the
S-N bond and the Li-ion became part of the nascent SEI.
A summary and energy barrier description of LHCE shell 1
and shell 4 are shown in Fig. S4 and S5 (ESIt) respectively.

The results of Shell 2 (Fig. 4) are not discussed because this
shell behaves similarly to Shell 1. Finally, the results of Shell 3
shown in Fig. 4 are presented in Fig. 7. These shells have a
higher local concentration including more anions per solvation
shell than any of the previous cases, although the tetrahedral
coordination for the Li cation is maintained. A good represen-
tation of the typical evolution behavior of this shell is shown in
Fig. 7, in which the lithium-ion gets trapped in the electrolyte
and a small SEI nanocluster starts to form via successive anion
reduction, that eventually and after reaching a critical mass can
be deposited on top of the Li metal surface.

Discussion

Fig. 8 summarizes representative energy barriers found in the
LCE, HCE, and LHCE in this work, allowing the direct comparison
and visualization of the effect of salt concentration on the
magnitudes of the energy barriers experienced by the solvated
cation during its transport through the diffuse layer and
deposition pathway. The highest barriers in LCEs correspond
to motion steps involving the cation along with the solvation
shell, such as the transition from step 2 to 3, which is a
rearrangement of the solvation shell where one solvent
molecule is substituted by the multiple coordination of the
anion molecule indicating that the rate determining step (rds)
is the ion transport in the electrolyte. In LCEs, the lowest
barrier is the deposition of the cation and it is driven by the
partial reduction of the anion. In HCEs, the strong 3D network of
interconnected solvation shells dominated by anions makes the
cation motion extremely slow, becoming the rds. The surface
effect reduces the anion and opens up a channel for cation
migration. The LHCE solutions may resemble both behaviors,
depending on the specific solvation shell. In Shell 1 (Fig. 8), the
largest barrier corresponds to vehicular diffusion of a shell
where the cation is surrounded by solvent, anion, and one F
atom subproduct of decomposition of another anion near the
surface. These shell components induce stronger cation-shell

)
L a¥

.

§ o Qf

s W
Q \L
¥

Fig. 7 Solvation shells found around the lithium cation that starts in Shell 3 (Fig. 4). Color code as in Fig. 1.
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Fig. 8 Comparison of energy barriers for cation motion in all electrolytes in this study. The LiFSI salt concentration varies from 1.21 M in the LCE to
3.74 M in the HCE and 1.27 M in the LHCE solutions. Here, the horizontal axis indicates the location of the barrier (between the n and n + 1 steps).

interactions than in the LCE case. In Shell 4 (Fig. 8), the largest
barrier corresponds to the vehicular motion of a cation sur-
rounded by 2 anions +1 solvent, which becomes closer to HCE
behavior. However, the solvent substitution by the diluent
reduces the barrier of the next step.

The average error in the calculated free energy gradient (5F/
A¢) is 0.016 eV A~ for LCEs, using the block average method.
Details of the error calculation are provided in the ESIL.{ To use
the block average method, we run 2000 steps at a reduced step
size of 8 x 10 ° in every relevant structure. For LCEs this means
running an additional 14 000 steps, ie., a high computational
cost. However, an approximation to the error can be made
based on the actual force fluctuations, since the step size of the
simulations presented in this study is relatively small (8 x 10™%)
and the estimated error (based on the force fluctuations) remains
small for all the studied systems. The approximated errors are
0.127 eV A~ for the HCE and 0.017 eV A™" for the LHCE.

An interesting question relates to the rate-determining step
for cation deposition. In previous work®* based on LCEs we
found that depending on the electrolyte chemistry, mass trans-
port or electrochemical kinetics may be the limiting step. This
is because the solvent** and anion (shown in this work) have
electron affinities that compete with that of the cation. If
the electrolyte components are reduced first, the cation can
continue to electrodeposition (in the earlier stages of SEI
formation) with mass transport being the rds. If the SEI is
already formed, the cation may become part of the SEI or get
electrodeposited. In addition, once the SEI forms, the surface
properties (ability to transfer electrons) change, and this again
affects the competition between electrolyte components and
cation for the surface electrons. In summary, there is no fixed
rule that decides the rds, and which mechanism is dominant
would be dependent on the electrolyte/surface case.

The selected studied configurations are representative of
each type of electrolyte. We note that in the LCE, the anion is not
always present in the cation solvation shell. However, the LCE
free energy profile reported here (in the presence of the anion) is
similar to the earlier report for carbonates,®* where the anion
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was not present. For HCEs, the solvation shells may be popu-
lated by an even higher number of anions, but the results shown
here illustrate the most important effect that comes from the
insertion of the solvation shell in a 3D highly interconnected
network. For LHCEs we showed four different configurations,
and as the results indicate the barriers are highly dependent on
them. Therefore, the results in Fig. 8 provide a good idea about
the variation of the magnitude of these barriers according to the
electrolyte composition. In summary, in LCEs the interfacial
cation motion is driven by relatively low barriers of a similar
order of magnitude. In HCEs, breaking the highly connected
barrier would result in huge barriers that eventually would
be overcome at the cost of slowing down the transport. This
is because, near the surface, the high electron affinity of the
anion will make it degrade forming an SEI, and liberating
the cation. In LHCEs, the richer spectra of configurations
would make a more diverse spectrum of barriers, and this work
shows the positive effect of the diluent in reducing these
barriers.

As shown here, a variety of factors affect ion transport. And
this is precisely the value of the theoretical work, that allows
identifying the possible bottlenecks that impede ion transport
in a well-defined environment. Experiments such as impedance
measurements that provide resistances to ion transport are
another possibility for comparison to experiments. But this
would require further analysis of the experimental results that
we have not attempted yet, but it could be valuable.

With respect to the electric field effect, in our previous
work>® we estimated barriers for cation electrodeposition under
an electric field for a Li ion solvated by an anion and DME
molecules on Cu surfaces. We examined several cases of varying
salt concentration, in some respects similar to this work. Likewise,
solvent decomposition reactions and their activation energies
were found to become more favorable with lower activation
energies and more exothermic reaction energies as the electric
field increased.”® From the results of the previous studies, the
electric field would direct the ion towards the anode surface (as
the constrained AIMD results showed in this work), and as the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electric field increases, the barriers would decrease and the
deposition reaction would become more exothermic.

Conclusions

This study provides the dynamic evolution of the solvation
complex defined as the molecules in the immediate vicinity of
the Li cation as it approaches the interfacial region, and
especially the role of the surrounding environment in defining
barriers for ion transport and reaction. The desolvation and
deposition pathways observed in different electrolytes and the
identification of their relevant barriers allow us to understand
the limiting steps during the ion transport process near the
surface, and to characterize the cation deposition mechanism
in the early stages of SEI formation.

It is found that in LCE solutions with carbonate solvents, the
cation transport pathway is relatively easy with low barriers
determined by changes of the solvation complex, usually by
solvent rearrangement. Near the surface, the solvated ion
complex rotation driven by the high electron affinity of the
anion, leads to the partial reduction of the anion and eventual
deposition of the Li cation on the surface or formed SEI. In
contrast, in HCEs the highly connected primary solvation
complex with secondary and tertiary solvation shells leads to
a large increase in the energy barriers during the ion transport
pathway, which results in a slowdown of the ion flow, and a
rapid and usually large SEI formation dominated by anion
products.

A different scenario defined by the role of the local environ-
ment, as well as that of the diluent, is found in LHCE solutions.
We investigated this point by examining several possible initial
solvation complexes. For the LHCE in this study, the diluent
molecules are found in the secondary solvation complex sur-
rounding the primary solvation shell. However, the diluent also
has the possibility of breaking the interaction between the high
primary shell and surrounding shells characteristic of HCEs,
and lowering the desolvation energy barriers. The diluent
molecule is not regularly found in the primary solvation
complex, but occasionally it can facilitate ion transport by a
temporary substitution of a solvent molecule in that shell. The
diluent molecule in LHCEs can also facilitate SEI formation by
anion decomposition. This is observed when the local environ-
ment is highly concentrated, the ion gets trapped in the
electrolyte phase and SEI nanoclusters were observed to grow
next to the surface, but still in the liquid phase. Depending on
the surrounding environment, this nanocluster may increase in
size with the incorporation of similar fragments or become
surrounded by a different SEI (for example organic, from
solvent decomposition). In summary, this work highlights the
role of the electrolyte in the interfacial ion transport and initial
stages of SEI formation showcasing low and moderate barriers
for ion transport in LCEs and LHCEs, whereas additional
barriers slowing down transport are found in HCEs. The
methodology used in this study would require large amounts
of computational power to run longer time frames or larger

© 2022 The Author(s). Published by the Royal Society of Chemistry
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simulation cells. The results in this study allow us to see the
behavior of the cation while approaching the metal slab surface
during the early stages of SEI formation. However, a fully-
formed, stable SEI might affect the cation deposition mecha-
nism and introduce other energy barriers. Future work will
address these issues.
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