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The high-energy-density Li metal batteries show promising applications in electric vehicles,
low-altitude economy and many others. However, the drastic reactivity of Li metal anode limits its
battery performance. The localized high-concentration electrolytes (LHCE), demonstrate low
viscosity, high ionic conductivity, and stable solid-electrolyte interphase (SEI) formation that can
protect the Li metal anode, thus dramatically improving the performance and durability. Recently,
we have proposed micelle-like structures to fully understand the underlying microstructural
characteristics of the bulk LHCE to bridge the scales from the atomistic solvation structures to the
macroscopically homogeneous liquid electrolyte (Nat. Mater. 2023, 22, 1531). It is important to
recognize that the SEI formation occurs near the negatively charged negative electrode surface. This
paper reveals the heterogeneous electric double layer (EDL) structures of the prototypical LHCE
consisting of LiFSI salt, DME solvent, and TFEO diluent. We find that the classical Stern model
missed the heterogeneity of this type of electrolyte. The micelle-like structures in LHCE are
maintained in its EDL, which are divided into the Li*-rich salt-solvent cluster region and the Li*-
poor diluent region. The diluent region contains Li* ions in the EDL but has no ions in the bulk of
LHCE. The appearance of Li" ions in the diluent region is necessary for the EDL, as TFEO alone

cannot screen the charge. Thus, the reduction voltage of TFEO diluent will be increased by the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

association of Li* ions in the EDL, highlighting one of the impacts of the heterogeneous EDL

structures on SEI formation. This work helps extend the development of the EDL theory and guides
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the design of more effective LHCE for high-performance rechargeable batteries.
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Abstract

Recently, we have proposed micelle-like structures to fully understand microstructures in
localized high-concentration electrolytes (LHCE) that show many benefits to high-capacity
electrodes. It is critical to understand the electric double layer (EDL) structures of LHCE, how
they differ from the bulk electrolyte structure, and how they impact the solid electrolyte interphase
(SEI) formation on Li-metal electrode with a combined DFT-MD-data approach. In this work, we
reveal the heterogeneous EDL structures of the prototypical LHCE consisting of lithium
bis(fluorosulfonyl)imide (LiFSI) salt, dimethoxyethane (DME) solvent, and tris(2,2,2-
trifluoroethyl)orthoformate (TFEO) diluent at a concentration of LiFSI-1.2DME-2TFEO for
lithium batteries. We find that the 1D EDL Stern model with an adsorbed cation layer and a more
diffused layer with ions, solvents, and diluents missed the heterogeneity of this type of electrolyte.

The micelle-like structures in LHCE are maintained in its EDL, which are divided into the Li*-
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rich salt-solvent cluster region and the Li*-poor diluent region. The diluent region contains Li*
ions in the EDL but has no ions in the bulk of LHCE. This is because TFEO cannot form a complete
solvation shell in the bulk electrolyte due to the steric effect, however, only a partial solvation shell
is needed near the surface. The appearance of Li* ions in the diluent region is also necessary for
the EDL, as TFEO alone cannot screen the charge. Thus, the reduction voltage of TFEO will be
increased by the association of Li* ions in the EDL, highlighting one of the impacts of the
heterogeneous EDL structures on SEI formation. This work helps extend the development of the
EDL theory and guides the design of more effective LHCE for high-performance rechargeable

batteries.
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1. Introduction

The use of high-capacity anodes (e.g., Li metal, Si, and Na metal) has posed significant
challenges to the conventional low-concentration electrolytes (LCEs) in developing high-energy
rechargeable batteries that are needed to advance electric vehicle and electric aircraft capabilities.!
The solvent-derived solid-electrolyte interphase (SEI) layers are not stable on the high-capacity
anodes that experiences large volume changes, leading to continuous loss of active materials and
rapid dendrite growth.>* These challenges can be largely tackled by increasing the salt
concentration to form high-concentration electrolytes (HCEs) so that anion reduction to form
stable, inorganic-rich SEI is preferred.>® However, sluggish ion transport and an increase in cost
come with increasing salt concentration.> To mitigate these pitfalls, a low-viscosity diluent is
added to form localized high-concentration electrolytes (LHCES), thus improving high-capacity
anode performance.” It has been realized in both experiments and computations that the cation
solvation shells are fully occupied by the salt anion and solvent with little diluent participation if
there is any.”® The information about the LHCE microstructures has remained unclear until the
recently proposed micelle-like structures, where a network of salt-solvent clusters are mostly
separated from the diluent matrix by a solvent-rich surfactant region.”! In LHCE, the salt is
soluble in the solvent but not in the diluent and the diluent is completely miscible with the solvent.
The relationship among salt, solvent, and diluent is analogical to that among water, oil, and the
surfactant being widely recognized in micelles.!"'> While the micelle-like structure is consistent
with the previously proposed solvation cluster model of LHCEs,”'3 it further explains why those
clusters are stable and why salt concentration can be even higher in the salt-solvent clusters, which

further improve the SEI formation comparing to their HCE counterparts with the same salt to
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solvent ratio.” However the details of SEI formation of the LHCE electrolyte have not been fully

understood.

It is important to recognize that the SEI formation occurs near the negatively charged
negative electrode surface. The electric double layer (EDL) structure of electrolytes near a charged
surface is a fundamental question in electrochemistry important for energy storage, electrocatalysis,
and many other technological applications.!*!> Salt ions, solvents, and additive molecules
redistribute in the EDL, wherein the electrolyte structures differ from those in the bulk phase and
vary as a function of the potential on the electrode.!®!” The SEI layers, mainly formed by
electrolyte reduction reactions,'®2° must be sensitive to the electrolyte structures within the EDL
that are subject to an external electric field.!”! Therefore, it is critical to gain atomistic insights
into the reduction reactions of the electrolyte species in the EDL to help predict and control the
formation of the SEI layers as well as the Li plating morphology.?? In our recent work,?! we have

developed an interactive DFT-MD-data model and applied it to investigate the EDL structures of

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

commonly used LCEs (e.g. 1 M LiPFg in carbonate electrolytes for graphite anode and 1 M LiTFSI
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in ether electrolytes for Li-metal anode) and their effects on reduction reactions of multi-
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component electrolytes and SEI formations. In contrast to that of LCE, there are much fewer
reports on the EDL structures of HCE in the literature. One special case of HCE is the so-called
water-in-salt electrolyte (WiSE), a highly concentrated aqueous electrolyte,>*** whose interface
structures near the electrode were revealed through molecular dynamics (MD) simulations.?32
Both LCE and HCE systems feature homogeneous spatial distributions of the salt-solvent cluster,’
however, like microemulsion,”” LHCE systems are microscopically heterogeneous featuring
micelle-like structures.” Considering the significance of EDL, the questions naturally arise: what

are the characteristics of the EDL structures of heterogeneous liquids like LHCE and how will the
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EDL of LHCE impact its electrolyte reduction and SEI formation? The EDL structures of LHCE
have been rarely discussed in the literature despite the rich understanding of LHCE structures in

its bulk phase.!>?

The idea of EDL has been extensively developed® since its initial definition by Helmholz
in 1853.%° Despite its success, the classical Gouy-Chapman-Stern model*!~3* neglects ion size
effect (or steric effect), short-range correlations, and solvent polarization.'* The Gouy-Chapman
theory provides an analytical solution for the Poisson-Boltmann equation at steady state, however,
it works well only for a dilute electrolyte, where the ion concentration is usually at least one order
of magnitude less than 1.0 molar (M).!* Since salt concentrations in the battery electrolytes are
typically around 1.0 M for LCE and much higher for HCE,** more advanced theories are urgently
needed.3? As a step forward, a simple modified Poisson—Fermi theory was recently developed
for EDL in WISE that helped further understand and quantify the competing solvation and
polarization forces acting on water molecules near electrified interfaces in WiSE.*® Other hybrid
methods that combine the electron density, electric potential, and solvent polarization are being
developed.*! Despite a recent attempt to develop the theory of bulk structures in LHCE,** the
theory of EDL for LHCE is yet to be developed. To achieve that, it requires a precise microscopic
picture of the EDL of LHCE that can be provided by cost-effective yet powerful MD

simulations.?%*4

In this work, we have conducted comprehensive MD simulations (more details in the
Supplementary Information, SI) of the EDL structures for LCE, HCE, and LHCE, as well as made
systematic comparison between them with the prototypical systems consisting of lithium
bis(fluorosulfonyl)imide  (LiFSI) salt, dimethoxyethane (DME) solvent, and tris(2,2,2-

trifluoroethyl)orthoformate (TFEO) diluents, whose molecular structures are given in Figure 1.

Page 6 of 28


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00206k

Page 7 of 28

Open Access Article. Published on 12 February 2025. Downloaded on 2/21/2025 10:32:25 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online
DOI: 10.1039/D5EE00206K

The different electrolyte compositions are highlighted in the ternary phase diagram in Figure 1.°
LiFSI salt and DME solvent can form homogenous electrolytes with different salt concentrations.
Here we use LiFSI-9ODME, namely LCE(1-9), to represent a LCE system.*® In addition, we use
LiFSI-1.4DME (4 M) and LiFSI-1.2DME to represent HCE systems, namely HCE(1-1.4) and
HCE(1-1.2), both of which were shown to exhibit high Coulombic efficiency and excellent cycling
stability.***” Connecting the point of HCE(1-1.2) and TFEO corner in the phase diagram, a series
of LHCE(1-1.2-x) can be formed. Here we use LiFSI-1.2DME-2TFEO, namely LHCE(1-1.2-2),
to represent the LHCE system, which was shown to be able to stabilize the high-voltage cathode,
suppress the continuous SEI growth on Li metal anode, and enable high capacity retention (>80%

over 200 cycles) of Li metal batteries.*’

©
«{«-z{.
Solubility limit: LiFSI 0000000
HCE (1-1.05) LCHONSF

HCE (1-1.2)
HCE (1-1.4)

LCE (1-9)

Figure 1. The ternary phase diagram with LiFSI, DME, and TFEO as the three variable phases,
whose molecular structures are shown correspondingly. The LCE(1-9), HCE (1-1.4), HCE(1-1.2),
and LHCE (1-1.2-2) electrolytes under investigation in this work are highlighted with bold texts.
The ternary phase diagram is divided into two regions, the solution phase (green) and the salt
precipitation phase (gray). Color schemes for atoms: purple for Li, gray for C, white for H, red for
O, dark blue for N, yellow for S, and light blue for F.
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Based on the MD simulations and structural analyses (Section 2.1 and 2.2), we have drawn
the schematics for illustration of the EDL structures in LCE, HCE, and LHCE near the negatively
charged electrode, as shown in Figure 2. For LCE (Figure 2a), the EDL near the negatively
charged electrode (i.e., the Li-metal/graphene anode during the charging process) features
adsorbed Li* ions that mainly coordinate with solvent molecules with a tiny fraction of anions
(most of the anions are repelled from the negatively charged electrode).?! For HCE (Figure 2b),
more Li* ions are found to be in the EDL region due to the increasing salt concentration. The Li*
ions are not only coordinating with solvent molecules but also coordinating with a significant
amount of salt anions due to strong ion pairing and the formation of aggregates in HCE.*%434° Both
LCE and HCE show homogeneous spatial distributions of species in the EDL. In contrast, the
heterogeneous micelle-like structures of bulk LHCE are extended to the EDL with different
characteristics from its bulk structures. As shown in Figure 2c, the EDL of LHCE can be divided
into two distinct regions, one being Li*-rich with aggregated clusters that maintain the micelle-like
characteristics and the other being Li*-poor mainly with diluent. The diluent region contains Li*
ions near the negatively charged surface but does not have any ions in the bulk of LHCE.’ The
reasons for these differences will be investigated in Section 2.2 and Section 2.3. In addition, the
impacts of the heterogeneous EDL structures on the electrolyte reduction and SEI formation are

discussed in Section 2.4.
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(a) EDL in LCE (b) EDL in HCE (c) EDL in LHCE
|— EDL —|— Bulk — |— EbL —|]— Buk — |— EDL —]— Buk —
- T 7 o= >
CAZS - r Y 25, \N=
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NV N )TN o=
® Li*ion @ anion @ solvent diluent

Figure 2. Schematics of EDL structures in LCE (a), HCE (b), and LHCE (c) near the negatively
charged electrode. The purple circles represent Li* ions, while the dark blue, green, and light blue
ovals represent anion, solvent, and diluent, respectively. In the EDL of LHCE, region (1) stands
for the Li*-rich region (with aggregated clusters) in the EDL, region (2) for Li*-poor region (mainly
with diluent), and region (3) for the salt-solvent clusters in the bulk phase.

2. Results and Discussions

2.1. EDL structures for LCE, HCE, and LHCE

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Before introducing the EDL structures, we first summarize the structures in bulk

Open Access Article. Published on 12 February 2025. Downloaded on 2/21/2025 10:32:25 AM.

electrolytes, LCE(1-9), HCE(1-1.4), HCE(1-1.2), and LHCE(1-1.2-2), obtained from our previous
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MD work,” In LCE(1-9), the LiFSI is dissolved in the DME solvent to mainly form solvent-
separated ionic pairs (SSIP, >70%) along with a small portion of contact ion pairs (CIP). In HCE(1-
1.4) and HCE(1-1.2), the salt-solvent clusters are dominated by ion-pair aggregates (AGG) along
with some CIP and more coordinated ion-pair aggregates (AGG+). In LHCE(1-1.2-2), the salt-
solvent clusters are dominated by AGG and AGG+ with a small fraction of CIP. It is worth
mentioning that the salt-solvent clusters LHCE(1-1.2-2) feature higher AGG+ contribution than
its HCE counterpart, i.e. HCE(1-1.2), due to the existence of micelle-like structures. In the micelle-

like structures, the DME solvent plays the role of surfactant and tends to show more in the
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interfacial region between the salt-solvent cluster region and the TFEO diluent region since it is
miscible with the TFEO diluent. A small fraction of the DME solvent is completely dissolved into
the TFEO diluent region. As a result, more Li*-FSI~ coordination appears in the salt-solvent

clusters, giving higher local salt concentration.

To investigate the EDL structures of the abovementioned electrolytes, interfacial systems
have been built in which the electrolyte is sandwiched by two graphene electrodes with constant
charges. See more details in the Methods section in the Supporting Information (SI). The number
of LiFSI salt, DME solvent, and TFEO diluent in the interfacial systems for LCE(1-9), HCE(1-
1.4), HCE(1-1.2), and LHCE(1-1.2-2) are given in Table S1. The final frames of the MD
trajectories for LCE(1-9), HCE(1-1.4), and HCE(1-1.2) under the graphene surface charge density
of 6=+0.6 e/nm? are shown in Figure 3a-c, while those under 6=+0.8 e/nm? are also displayed in
Figure S1. Special attentions are paid to 6==0.6 e/nm? since it is about the surface charge at the
electrochemical equilibrium condition for Li*/Li°>° The structures of EDLs for LCE and HCEs
under other surface charge densities are not shown, but their statistical analyses will be discussed
later. As revealed in the previous study,’ the salt-solvent clusters of LHCE(1-1.2-2) in its bulk
phase form a three-dimensional connected network surrounded by the TFEO matrix. Due to the
limited sizes of the simulated interfacial systems in this work, the three-dimensional connected
network of salt-solvent clusters may not be captured in a single simulation setup. To resolve this,
we have considered two different initial configurations for LHCE(1-1.2-2), as demonstrated in
Figure S2. In the first initial configuration, namely LHCE-1(1-1.2-2), the system is built so that
the salt-solvent clusters are connected along the direction perpendicular to the graphene plane
(Figure S2a). In the second initial configuration, namely LHCE-2(1-1.2-2), the system is built so

that the salt-solvent clusters are connected along a direction that is parallel with the graphene plane
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(Figure S2b). The time-averaged energies between these two systems are small (Figure S2c),
suggesting both scenarios would occur in the real interfacial system that is large enough along the
graphene electrode plane. The final frames of the interfacial systems for LHCE-1(1-1.2-2) and
LHCE-2(1-1.2-2) under surface charge density of 6=+0.6 e/nm? are shown in Figure 3d-e, while
those under all other surface charge densities are presented in Figure S3-S4. It is seen that some
of the salt-solvent networks are broken after MD simulations due to their interactions with diluent

and graphene electrodes (both uncharged and charged).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Distance (A)

Figure 3. Final frames of the MD trajectories for (a) LCE(1-9), (b) HCE (1-1.4), (c) HCE(1-1.2),
and (d,e) LHCE (1-1.2-2) under the graphene surface charge density of 6==0.6 e/nm?. (f) Charge
density profiles (as functions of distance from the negatively charged graphene electrode; in
symmetric logarithmic plot) of the LCE, HCE, and LHCE systems.

It is expected that some Li" ions are attracted to the negatively charged graphene electrode,
and FSI ions are gathered near the positively charged graphene electrode in all LCE, HCE, and

LHCE systems due to Coulombic interactions between ions and the charged graphene electrodes,

10
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as seen in the number density profiles in Figures S5-S9. This becomes clearer with increasing
negative charge densities on the surface and the increasing salt density in the electrolyte. In
comparison, the interface adsorption interactions are more important for the first peak near the
surface on zero-charged surfaces. This also suggests that the EDL structure is less sensitive to the
electrode materials given the similar surface voltages. As aresult, the EDL forms near the charged
electrode, as clearly shown by the charge density profiles in Figure S10. In this work, the thickness
of EDL is defined as the region within 10.0 A from the surface of the negatively charged graphene
electrode®! based on these charge density profiles (Figures S5-S10) converging at distances of
around 10 A from the graphene electrode. This is much larger than the classical Debye length,
which is about 0.6 A for 1 M salt and 0.3 A for 4 M salt in DME solvent with dielectric constant
of 2.97. To compare different electrolytes, the charge density profiles (in log scale to amplify the
small fluctuations beyond the EDL region) under surface charge density of 6=+0.6 e/nm? are
shown in Figure 3f. It is seen that the HCE(1-1.2) features the most prominent fluctuations in its
charge density profile beyond the EDL region, which is probably due to its higher overall salt
concentration among the electrolyte systems investigated in this work. This is also opposite to the

classical Debye length, which decreases with increasing salt concentration.

2.2 Solvation shell of Li* ions in the EDL of LCE, HCE, and LHCE

Understanding the Li* solvation shell in the EDL is important for the two reasons: a) the
desolvation of Li* from its solvation shell impacts the Li*/Li° charge transfer kinetics; and b) the
Li* coordination can increase the reduction voltage of a solvent species dramatically. >> The
interfacial structures of the electrolyte species that directly contact the negatively charged

graphene electrode for LCE(1-9), HCE(1-1.2), and LHCE-1(1-1.2-2) under surface charge
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densities of 6=+0.6 e/nm? and 6=%0.8 e/nm? are shown in Figure 4, while those for HCE(1-1.4)
and LHCE-2(1-1.2-2) are shown in Figure S11. Near the negatively charged graphene electrode
of LCE(1-9) (Figure 4a), many Li" ions accumulate in the EDL along with much fewer FSI  ions,
phenomenologically consistent with typical EDL models. In the adsorbed layer near the negatively
charged graphene electrode for HCE(1-1.4) and HCE(1-1.2), the amount of both Li" and FSI" is
significant due to the high salt concentration in this type of electrolyte. Both the Li"-FSI" and Li"-
DME coordinated pairs are present in the EDL for LCE and HCEs, as shown in Figure 4b and
Figure S11a. For both LHCE-1(1-1.2-2) and LHCE-2(1-1.2-2), TFEO diluent molecules show up

in the EDL as well in addition to the presence of Li*, FST", and DME solvent (Figure 4¢ and Figure
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Figure 4. Snapshots of interfacial structures of the directly adsorbed electrolyte species for (a)
LCE(1-9), (b) HCE(1-1.2), and (c) LHCE-1 (1-1.2-2) systems under graphene electrode surface
charge densities of 6=+0.6 e/nm? and 6=+0.8 e/nm?. The DME molecules are represented with
green stick models but the oxygen atoms in DME are highlighted with red for clarity.
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Surprisingly, in the EDL of LHCE(1-1.2-2), the Li" ions appear in the diluent region and
coordinate with the TFEO diluent molecules, behaving differently from that in the bulk phase.® On
one hand, the existence of Li" ions in the TFEO diluent region is needed to screen the surface
charge, as TFEO itself cannot completely screen the charges on the electrodes. As shown in Figure
S12, in the pure TFEO system that is sandwiched by the negatively and positively charged
graphene electrodes, the TFEO molecules could form layered structures when the surface charge
density of the graphene electrode is high enough (|o| > 0.6 e/nm?). This is clearly shown by the
visualization of the simulated layered molecular structures under the surface charge density of
6=%0.6 ¢/nm? (Figure S12a-b) and verified by the repeated sparks in the charge density profiles
(Figure S12c¢). This suggests that TFEO itself does not form EDL and cannot screen the surface
charges. Thus, the cations must exist in the TFEO region to screen the surface charge, which is the
reason why EDL forms. On the other hand, partial desolvation allows coordination between Li*

and TFEO diluent, which will be explained in Section 2.3.

2.3 The adsorption layer in the EDL

In the bulk phase of LCE(1-9), each Li" is solvated by a total number of around 3.02 anion
and solvent molecules (0.32 FSI" and 2.71 DME) on average (Figure S13a). The total Li" ion
coordination numbers are 3.81 (2.44 FSI" and 1.37 DME) in the bulk phase of HCE(1-1.4) and
3.93 (2.73 FST" and 1.20 DME) in the bulk phase of HCE(1-1.2). In the bulk phase of LHCE(1-
1.2-2) with a total Li" coordination number of 3.90, the coordination number of Li" to FSI is
slightly increased to 2.74 and the coordination number to DME is slightly decreased to 1.14
compared to those in HCE(1-1.2). More than that, the ratio of AGG+ is significantly increased

from 17% to 25% while the ratios of both CIP and AGG are reduced, indicating higher localized
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concentration.” The coordination number of Li*-TFEO is 0.02 in LHCE(1-1.2-2), suggesting

minimal participation of TFEO in the solvation shell of Li* ions.’

The Li" solvation shell in LHCE(1-1.2-2) has changed when it comes to the EDL and it
will return to its bulk properties outside of EDL. To capture this transition, we further divide the
EDL (10 A from the charged electrode) into two regions, i.e. 0-5 A region as the first layer and 5-
10 A region as the second layer. Within 5 A from the electrode, the number density profiles of Li"
ions (in Figures S5-S9) all show the first prominent peak value at around 2.5 A from the negatively

charged electrode (Figures S5-S9). Thus, these are considered as adsorbed cations.

Figure 5 shows all the possible solvation shells of the adsorbed Li" ions for the investigated
electrolyte systems. In most cases, Li" ions coordinate with only two of the anion, solvent, and
diluent molecules due to partial desolvation (Figures Sa,c-f). A particularly interesting finding is

that the TFEO molecule can enter the solvation shell of Li* ions (Figures 5d-e), which cannot be

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

found in the bulk LHCE(1-1.2-2). It has been shown in our previous study that each Li* ion can

be solvated by three DME molecules or two TFEO molecules in the gas phase.” The binding

Open Access Article. Published on 12 February 2025. Downloaded on 2/21/2025 10:32:25 AM.

energies for Li*-FSI pair (6.07 eV) and Li*-3DME pair (5.39 €V) are both significantly higher

(cc)

than that for the Li*-2TFEO pair (2.89 eV).” As a result, the TFEO diluent molecule is not able to
enter the Li" ion solvation shell in the bulk LHCE(1-1.2-2). However, in the EDL of LHCE(1-1.2-
2), the partial solvation shell of the adsorbed Li" ions can be filled by the participation of the TFEO
molecule. The partial solvation shell of Li" ion can be even solely occupied by three ether oxygen

atoms from one single TFEO molecule without any participation of FSI" ion or DME (Figure 5g).
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(a) Li*-2FSI- *-3FSI- (c) *-2DME (d) Li*-FSI--DME
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I hf\

(e) Li*-FSI-TFEO *-DME-TFEO *-TFEO

cw{}j

Figure 5. Representative solvation shells of the adsorbed Li* ions in the LCE, HCE, and LHCE
systems consisting of LiFSI salt, DME solvent, and TFEO diluent: Li* coordinating with (a) two
FSI; (b) three FSI7; (c) two DME; (d) one FSI and two DME; (e) one FSI- and one TFEO; (f) one
DME and one TFEO; (g) one TFEO.

Figure 6 shows the total coordination numbers of the first-layer Li" ions to the other
electrolyte species decrease by around 1.5 when the surface charge density of the graphene
electrode increases from 6=0.0 e/nm? to 6=+1.2 e/nm?, suggesting the desolvation of Li* ions under
more negative overpotential. As shown in Figure 5, when Li" ion absorbs on the electrode, only
half of its solvation shell can be occupied by the electrolyte species. It is seen from Figures 6d-e
that, in the EDL of LHCE(1-1.2-2) systems, starting at the surface charge density of 6=+0.6 e/nm?,
an average of 0.1-0.8 TFEO molecules show up in the solvation shell of each first-layer Li" ion.
For the second-layer Li" ions, their solvation shells can be completely occupied by other electrolyte
species, and thus the total coordination numbers are mostly independent of the surface charge
densities of the graphene electrode (Figure S14). Beyond the EDL region, the coordination of Li"

is close to the bulk electrolytes.
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g the negatively charged graphene electrode) and other species (FSI, DME, and TFEO) under
g different surface charge densities of the graphene electrode.
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The Stern model with an absorbed cation layer and a more diffused layer with cation, anion,

solvent, and diluents, can be used to describe the EDL of this type of electrolyte but would miss

Open Access Article. Published on 12 February 2025. Downloaded on 2/21/2025 10:32:25 AM.

(cc)

the heterogeneity.>* Because only a partial solvation shell is needed in the Stern layer in the EDL,
the heterogeneous structures of LHCE in the EDL can be very different from that in the bulk. The
diluent region contains Li* ions in the EDL but does not have any ions in the bulk of LHCE.® This
is because TFEO cannot form a complete solvation shell in the bulk electrolyte due to the steric
effect. The appearance of Li* ions in the diluent is also necessary for the EDL, as TFEO alone
cannot screen the charge. This implies the TFEO will also contribute to SEI formation, especially
when it is coordinated with Li*, in which case its reduction voltage will be increased (Figure 7

and Table S2).
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2.4 Impact of the EDL of LHCE on its electrolyte reduction and SEI formation
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Figure 7. DFT-optimized geometries of the redox species and calculated reduction potentials for
(@) FSI, (b) LiFSlI, (c) DME, (d) Li*-DME, (e) TFEO, and (f) Li*-TFEO. The gray, red, white,
purple, light blue, yellow, and dark blue spheres stand for C, O, H, Li, F, S, and N atoms,
respectively. Reduction reaction barriers are calculated following Nelsen’s four-point method.>

Figure 7 shows the DFT computed reduction voltage of the anion, solvent, and diluent that
constitute the LHCE electrolyte. The reduction reaction barriers (AG*) are also calculated
following Marcus theory>*> and Nelsen’s four-point method> to account for the outer-shell and
inner-shell reorganization energies (Figure S15 and Methods in Sl). Since the Marcus theory
estimation for the outer-shell reorganization energy is based on homogenous solutions, its accuracy
on LHCE needs to be validated in future studies with more advanced methods using molecular
dynamics simulations.®”*® Nevertheless, the results show that free DME will not be reduced and

contribute to SEI formation. As many experiments have correlated better SEI performance with F
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species in the SEI. Both FSI™ anion (other reduction pathways are shown in Figure S16) and the
TFEO can contribute to LiF in SEI. Free TFEO can be reduced above Li deposition voltage, but
the barrier is higher compared to other reduction reactions. The reduction of TFEO occurs at a
much higher voltage with a much lower barrier when it is associated with Li* ion. Thus, without
clarifying the EDL structure of LHCE, the contribution of TFEO diluent on SEI formation may be

overlooked.

As we discussed above, the EDL presents complicated local structures that can
dramatically change the reduction voltage and the composition of the SEI layer. Following the
MD-DFT-data protocol devised by Wu et al.,! we assume all the species in the EDL may be
reduced via out-sphere electron transfer reactions. Thus, the statistics of the electrolyte in the EDL
are analyzed in terms of a) solvents/anions/diluent coordinated with Li* in the first solvation shell
and b) free solvent/anions/diluent species (not coordinated to any Li*).?! The numbers of these

electrolyte species in the EDL for the LCE, HCE, and LHCE electrolyte systems are summarized

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

in Figure S17. Then the onset of the one-electron reduction reaction voltage was calculated for all

Open Access Article. Published on 12 February 2025. Downloaded on 2/21/2025 10:32:25 AM.

the major Li* solvation shell structures (Figure S18) and the free species (Figure 7). Their

(cc)

occurrence probabilities are ranked to show the sequence of reduction reactions while the potential
on the electrode is lowered to the Li*/Li° reduction voltage, to directly correlate with the SEI

components observed in experiments (Figure S19).
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Figure 8. Probabilities in logscale of DFT-calculated reduction potentials in the EDL for (a)
LCE(1-9), (b) HCE(1-1.4), (c) HCE(1-1.2), (d) LHCE-1(1-1.2-2) and (¢) LHCE-2(1-1.2-2)
electrolytes under surface charge density of 6=%0.6 e/nm? . Contributions from different clusters
and species are color-encoded, including Li*-coordinated clusters with or without FSI- and/or
TFEO, as well as free FSI™ and free TFEO. Free DME has a negative reduction potential of -1.01
V vs Li/Li*, and is not shown in this figure.

Figure 8 shows the probability of different types of EDL species being reduced at different
voltages. See more details about the definition of the probability of different types in the Methods
section of SI. As the electric potential is lowered in SEI formation cycles (i.e., from higher to lower
values), the first to be reduced are Li* associated FSI" anions (orange color), followed by Li*
associated TFEO (gray color); free FSI™ (green color); and lastly Li* associated DME (blue color)
species. Although FSI™ anions reduce first, the LCE has a higher percentage of DME reduction
induced SEI, thus less LiF content (Figure 8a). With increasing salt concentrations to HCE, the
probability of Li* associated DME (blue color) reduction is minimized and the contributions from
various FSI™ containing species are dramatically increased. Figures 8b and 8c indeed predict that

HCE(1-1.4) and HCE(1-1.2) only have anion derived SEI and there are no contributions from

DME reduction above the Li/Li* reduction voltage. Adding TFEO will introduce another F source,
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as both Li*-associated and free TFEOs can be reduced and generate LiF in the SEI. It is predicted
that Li*-associated DME also contributes to SEI formation (blue colors in Figure 8d and 8e),
however its contribution is much smaller than the TFEO. The multiple LiF sources and the
different reduction kinetics of free TFEO versus other species may generate more heterogeneous
nano-grained LiF phases in the SEI, as reported recently on the local SEI structures probed by
NMR.> This suggests the design of LHCE must consider the SEI formability of the diluents, as
they have a large contribution to the EDL layer. Fluorinated diluents that generate LiF are

needed.80-62

4. Conclusions

To conclude, we have revealed the EDL structures of LHCE through MD simulations of

the prototypical system of LiFSI-1.2DME-2TFEO for Li batteries. Systematic comparisons have

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

been made with the EDL structures for LCE (LiFSI-9DME), HCE (LiFSI-1.4DME) and HCE

(LiFSI-1.2DME). Both LCE and HCE show homogeneous spatial distributions of species in the

Open Access Article. Published on 12 February 2025. Downloaded on 2/21/2025 10:32:25 AM.

EDL. For LCE, the adsorbed Li* ions mainly coordinate with solvent molecules while the anion

(cc)

species are mostly repelled away from the negatively charged electrode surface. For HCE, the Li*
ions are not only coordinating with solvent molecules but also coordinating with a significant

amount of salt anions due to strong ion pairing and the formation of aggregates.

For LHCE, the heterogeneous micelle-like structures of the bulk are extended to the EDL,
which are divided into the Li*-rich salt-solvent cluster region and the Li*-poor diluent region. The
heterogeneity of this type of electrolyte is beyond what can be described by the Stern model with

an adsorbed cation layer and a more diffused layer with ions, solvents, and diluents. Despite non-
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coordination between Li* ion and TFEO diluent in the bulk of LHCE, the diluent region contains
Li* ions in the EDL to effectively screen the negative charge from the electrode. Only a partial
solvation shell is needed near the surface, which allows coordination between Li* and TFEO
diluent. Thus, the reduction voltage of TFEO will be increased by the association of Li* ions in the
EDL, highlighting one of the impacts of the heterogeneous EDL structures on SEI formation. This
work helps extend the development of the EDL theory and guides the design of more effective

LHCE for high-performance rechargeable batteries.
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