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Abstract

Localized high concentration electrolytes (LHCE) offer a viable dilution strategy for high
concentration electrolytes (HCE) as the dilution process barely impacts the enhanced
reductive/oxidative behavior of the HCE formulation but significantly lowers the overall viscosity
and, in most cases, increases the ionic conductivity. On the other hand, experimental studies
indicate that fluorinated ether electrolytes such as 1,1,2,2-tetrafluoroethylene 2,2,3,3-
tetrafluoropropy! ether (TTE) help grow enhanced passivation layers on Ni-rich NMC cathodes.
In this work, we study LHCE formulations based on lithium bis(fluorosulfonyl)imide (LiFSI),
dimethyl carbonate (DMC), and TTE as the diluent. We use molecular dynamics methodologies,
and Raman spectra measurements, to address to what extent the diluent content impacts the
coordination behavior of the aggregated structures in the electrolyte and to evaluate the Li*
transport properties under the influence of an external electric field. In contrast to other
fluorinated ethers, we find that TTE interacts with Li* via fluorine atoms, partially limiting the
DMC-Li* interactions hence altering the Li* solvation coordination. This competitive interaction
with Li* between the organic solvent and the TTE diluent influences the electrolyte’s
reductive/oxidative behavior. Nevertheless, the bonding strength of the Li*-Fre is much weaker
than those of the Li*-Opyc and Li*-OFSI-. Therefore, the existence of Li*-F1e is in a transient
state rather than in a steady state. These results provide plausible guiding rules for future
dilution strategies of HCE electrolytes. We also demonstrate that Li* ions drift under the electric
field’s influence via repeated ion dissociation/association processes following a hopping
conduction mechanism. Li* ions jump between aggregated networks where Li-O interactions

dominate via diluent-enriched phases, a process in which the solvation shells temporarily
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mutate to a Li-F dominated coordination structure. We expect our results to contribute an
improved atomic-level understanding of the solvation structure and dynamics of LHCE

electrolytes.

Introduction

Modern society’s lifestyle exerts constant pressure on pursuing new electrochemical devices
with ever longer and higher cycling life and energy density. In this regard, lithium (Li) metal
batteries (LMBs) based on lithium metal anodes and Ni-rich layered oxides LiNi,Mn,Co+.,,0O,
(NMC) have surfaced as promising candidates for the next generation of ultra-high energy
density batteries.” 2 Li metal possesses a high theoretical specific capacity like no other known
material (3860 mAh/g) and ultralow electrochemical redox potential (-3.040 V vs. SHE).? Ni-rich
NMC delivers a specific capacity greater than 200 mAh/g with improved high-voltage cyclability
(up to 4.7 V vs. Li*/Li).* However, these two electrode materials are also highly reactive. No
conventional electrolyte formulations are stable enough to resist the harsh reducing/oxidizing
environment on the electrodes’ surfaces in normal battery operation conditions, leading to
uncontrollable dendrite growth, continuous electrolyte oxidative decomposition, and other side

effects.5>8

Localized high concentration electrolytes (LHCE) constitute a game-changer for ultra-high
energy density batteries that shows compatibility with both Li metal and Ni-rich NMC materials.®
9 In addition to the typical Li salt and organic solvent, the LHCE electrolyte contains an organic
diluent with relatively low permittivity, low donor ability, and wide electrochemical stability
window.3 6.10-12 The relative high salt/solvent concentration improves the electrolyte
reductive/oxidative stability by lowering non-associated organic solvent molecules’ availability.
The diluent reduces viscosity and enhances the overall wettability on electrodes and

separators.3

In LHCE electrolytes, the salt anion should possess a large and flexible molecular structure with
multiple coordination sites or “docking stations” to allow aggregation without precipitation.
Examples of suitable Li salts are lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
bis(fluorosulfonyl)imide (LiFSI).> Solvent molecules have similar interaction strength with Li* ions
than Li salts and they compete with the anion for Li* coordination. Organic solvents, either
ether-based such as 1,2-dimethoxyethane (DME) or ester-based like dimethyl carbonate
(DMC), generally coordinate with a single Li* ion.® 1213 On the other side, the diluent barely

competes for Li* coordination and does not dissociate the Li salt.'® Fluorinated ethers such as
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bis(2,2,2-trifluoroethyl) ether (BTFE) and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl! ether
(TTE), are believed to act as interface modifiers that improve the formation of fluorinated

interphases on both electrodes and suppress undesired solvent decomposition.5: 10. 14

TTE diluent is a fluoroalkyl ether with negligible solvability for the LiFSI salt. This characteristic,
coupled with a rare TTE-Li* interaction via ether oxygen atoms, leads to calling the TTE an
“inert diluent” that does not interfere with solvation shells in LHCE electrolytes.' Reports from
LHCE formulations, based on LiFSI, DME, and TTE, indicated enhanced stability of Ni-rich NMC
cathodes under high challenging conditions such as high voltage, high-loading cathode, thin Li
anode, and lean electrolyte.? For this electrolyte, "O-nuclear magnetic resonance (NMR)
measurements indicate that the diluent shields ethereal oxygen atoms from Li* solvation shells
as the chemical shift of ethereal oxygen atoms from DME molecules decreases in the LHCE.
Besides, X-ray photoelectron spectroscopy (XPS) analyses carried on cycled Ni-rich NMC
cathodes show LiF as the major species of the passivation layer, along with a significant C
atomic ratio. Even though these results, and other works,” indicate the TTE plays a vital role in
the composition of the LiF-enriched passivation layer, there is still a lack of understanding of
how the diluent impacts the electrolyte’s aggregated structural features. An increase in the FSI-
Li* coordination does not fully explain the shielding effect of ethereal oxygen from the solvation

shells.

The electric field-driven Li* ion transport mechanism in LHCE electrolytes differs from the
conventional vehicle-type mechanism in dilute electrolytes.> % 16 The increase in carrier density
changes the ion transport mechanism to a fluid-like viscosity decoupled ion movement that
follows a hopping-type ion transport similar to that in inorganic solid electrolytes.'” Arguably, the
elevated salt concentration creates aggregates structures acting as continuous percolating
networks with a high density of pseudo-equivalent sites with low barrier energies between
adjacent sites for an ion to hop easily from one site to another. However, it is yet unclear if Li*
ions move exclusively within these aggregated structures in a type of knock-off or correlated
diffusion mechanism due to the increased ion density, as in solid-state electrolytes,®2° or Li*
ions follow a mixed structural/vehicular transport mechanism bouncing between aggregated
clusters via rich solvent/diluent phases. Experimental efforts to elucidate this transport
mechanism include infrared spectroscopy (IR), conductometric analysis, nuclear magnetic
resonance (NMR), and dielectric spectroscopy.'® However, these methodologies are limited in

liquid media even though they are effective in solid media.® Theoretical modeling such as
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molecular dynamics fills this gap, offering a better choice for a mechanistic understanding of the

ion transport at the atomic level.'6 2122

In this work, we characterize to what extent the diluent content interferes with the solvation
shells that build up the aggregated structures in LHCE electrolytes made from LiFSI, DMC, and
TTE, and elucidate the ion transport mechanism driving Li* ions throughout the electrolyte under
the presence of an applied electric field. We address these questions using molecular dynamics
simulations. We use both ab initio molecular dynamics (AIMD) and classical molecular
dynamics (classical MD). First, we perform AIMD calculations to evaluate how the diluent
changes the electrolyte solvation structure and compare it with Raman spectra measurements.
Second, we add the electric field to the classical MD simulations to address the transport
properties under an applied external electric field. We find that TTE interacts with Li* via fluorine
atoms. Interaction via ether oxygen is negligible. TTE effectively modifies the aggregated liquid
structure as both diluent and DMC competitively coordinate with Li*, which turns out to change
the electrolytes’ reductive/oxidative behavior, providing a probable explanation on why TTE
plays a role in growing passivation layers in cycled Ni-rich cathodes at high voltages. Finally, we
demonstrate that Li* drifts under the electric field’s influence via repeated ion
dissociation/association process following a hopping conduction mechanism. We find that Li*
ions jump between aggregated networks where Li-O interactions dominate, via diluent-enriched
phases, a process in which the solvation shells temporarily mutate to a Li*-F dominated
coordination structure. We expect our results to contribute to a better atomic-level
understanding of the liquid structure of LHCE electrolytes and to provide pathways to novel

dilution strategies of high concentration electrolytes (HCE).

Computational and Experimental Details

We used AIMD and classical MD simulations in tandem to elucidate the liquid structure at the
atomic level and the Li* transport mechanism in a series of LHCE formulations made from
mixtures of LiFSI, DMC, and TTE. We also measured Raman spectroscopy for the selected
formulations to corroborate our findings. Raman spectra were collected on an inverted optical
microscope (Nikon Ti-E) coupled to the Raman spectrometer (LabRam HR, Horiba), using a
minimal power of 50 uyW from a 633 nm laser source, which was delivered to the samples using

a 10X air objective.?
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AIMD Calculations

We use the Vienna ab-initio simulation package (VASP, version 5.44)?426 to run the AIMD
simulations and work with simulation cells with periodic boundary conditions along the x-, y-,
and z-coordinates. The input geometries are LiFSI, DMC, and TTE molecules packed randomly
in the simulation cell using an initial guess for the volumetric density (2.00 g/cm3). We followed a
5 ps long Parrinello-Rahman dynamics calculation (in the NPT ensemble) with the pressure set
to 1 atmosphere at 330 K obtaining the equilibrium density after the simulation cell’s volume
stabilization. Small changes in the density do not largely affect the structural properties. The
following set of simulations ran with the NVT ensemble, with each simulation lasting for a least
50 ps. Our earlier work proved this simulation time to be long enough to allow the formation of
extended networks of aggregates (AGGs) typical of HCE and LHCE electrolytes.'?> The
Langevin thermostat controls the Parrinello-Rahman dynamics’ temperature with the Langevin
friction coefficients set to 5.0 ps-! for all atomic species.?”-2° The friction coefficient and the
fictitious mass for the Parrinello-Rahman lattice degrees of freedom are 5.0 ps-' and 20 amu.
For the NVT simulations, temperature control is through the Nose-Hoover thermostat method

with the Nose-mass parameter set to 0.5.30-32

All dynamics calculations run with the time step set to 1.2 fs after changing the hydrogen mass
to its tritium isotope.33 The projector-augmented wave (PAW) pseudopotential describes the
core-electron dynamics,3* whereas the plane-wave basis set with the energy cutoff set to 300
eV models the valence electrons. The generalized gradient approximation by Perdew-Burke-
Ernzerhof (PBE-GGA) describes the exchange-correlation functional,?® and the Monkhorst-Pack
scheme set to 1x1x1 performs the Brillouin zone integration.®® Modeling of the partial
occupancies is done through the Gaussian smearing method set to 0.05 eV. The convergence
criteria for the electronic self-consistent and the ionic relaxation loops are 104 and 103 eV,

respectively.

We extract selected frames from the AIMD-NVT atomic trajectories and perform geometry
optimization before calculating the electrolyte’s structural and electronic features. For this set of
geometry optimizations, the cutoff for the valence electrons’ energy changes to 400 eV while all

the other simulation parameters remain unchanged.

We use the package local orbital basis suite towards electronic-structure reconstruction
(LOBSTER) to calculate the projected density of states (pDOS) and the projected crystal-orbital
Hamilton population (pCOHP) analysis.®”#2 The projection calculation uses Bunge’s local basis

functions, including the 1s orbital for hydrogen, 2s for Li, 2s and 2ps for carbon (C), fluorine (F),

5
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nitrogen (N), and oxygen (O), and 3s and 3p for sulfur (S). The absolute charge spilling remains
lower than 1.99% in all cases. Calculation of molecular pDOS profiles includes orbital
contributions from each atom. The Bader charge method carries out the electronic charge

calculation for each species in the electrolyte.43-45

Classical Molecular Dynamics Calculations

Classical MD simulations address the ionic transport mechanism of the LHCE electrolyte. We
use the classical MD implementation from the large-scale atomic/molecular massively parallel
simulation package (LAMMPS, version 3 Mar 2020).4¢ Input geometries for these simulations
come from replicating the output geometries from AIMD-NVT simulations along the x-, y-, and z-
coordinates. Replication takes advantage of the lower computational cost from using classical
MD by creating bigger simulation cells suitable to calculate the electrolyte structure’s bulk

properties.4”

First, we perform isothermal equilibration runs for about 500 ps at 330 K with the NVT
ensemble, 0.25 fs time step, and Nose-Hoover method for time integration with the damping
parameter set to 0.01 fs™'. Production jobs follow and run for another 1000 ps. Periodic
boundary conditions apply in all three coordinates, with a 12 A cutoff for van der Waals (vdW)
and Coulombic pairwise interactions.*” The intramolecular interactions for the Li* ions and FSI-
anions are modeled using the OPLS-AA parameterization,*® whereas the ReaxFF
parameterization governs the intramolecular interactions for the DMC solvent and TTE diluent
molecules.*® vdW parameters and partial electronic charges for intermolecular interactions
between Li* ions and FSI- anions, and DMC and TTE molecules from other authors’ earlier
works.47-48.50 \We compare the bulk properties of the liquid electrolyte structure from this set of
simulations against the AIMD-NVT calculations to verify the force field parameterization’s ability

to address the inter/intra-molecule interactions.

We add an external electric field (0.4 V/A) to address the Li* transport mechanism, for which we
replicate further the output geometries from classical MD-NVT simulations along the same
direction along which we apply the electric field, providing extra room to follow the drift

displacement throughout the bulk liquid structure.
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Results
AIMD Calculations

Table 1 shows the molar ratio, number of molecules packed, cell size, volumetric density, and
molarity for each of the four formulations simulated in this work. Currently, these formulations
are under further research at the Pacific Northwest National Laboratory (PNNL). Five ps of
AIMD-NpT simulation proved long enough to allow for volume stabilization showing no
significant deviation from the initial guessed density. Electrolyte’s molarity averaged over the

last picosecond of simulation.

Regardless of the number of packed molecules, the simulation cell sizes are such that no
formulation has more than 406 atoms, keeping the computational cost acceptable. The Li-salt
vs. solvent molar ratio remains nearly constant in all formulations, within the limitations due to
the simulation size. We only vary the diluent content to understand its impact on both the liquid
structure and the Li* transport mechanism. Our early work proves that an HCE electrolyte with a
LiFSI:DMC molar ratio equal to 1:2, possesses a salt concentration high enough to enhance the
electrolyte reductive/oxidative stability compared to the equivalent diluted formulation (1.21 M).*2
From formulations A1 to A4, lowering the TTE content increases electrolyte molarity from 1.35
to 2.79 M.

Table 1: Electrolyte formulations addressed in this work

Electrolyte . Molar Ratio .# Molecules Unit cell size ﬁ,ﬁﬁﬁ;
Formulation | LiFSI:DMC:TTE | LiFSI:DMC:TTE alxa2xa3[A] M]
A1 1.00:2.00:5.00 3:6:16 15.47 x 15.59 x 15.23 1.35
A2 1.00:2.16:4.31 4:8:15 15.51 x 15.45 x 15.52 1.77
A3 1.00:2.00:3.00 4:9:13 15.11 x 14.95 x 15.58 1.88
A4 1.00:2.00:2.00 6:11:11 15.07 x 15.15 x 15.65 2.79

Figure 1 (a) and (b) show the partial radial distribution function (PRDF) profiles for the Li-O and
Li-F interactions for both the A1 and A4 formulations. The Li-O interactions peak at 1.92 A, very
close to AIMD calculations performed in other works with LiFSI, DMC, and BTFE mixtures,®
whereas the Li-F interactions center at 2.14 and 1.99 A, respectively. The Li-O interaction
comes from sulfonyl oxygen atoms from FSI- anions and carbonyl oxygen atoms from DMC
molecules, whereas the Li-F profile comes from TTE molecules. The PRDF profiles from our
earlier work with LHCE electrolytes with LiFSI, DMC, and BTFE, do not show any significant Li-

F interaction despite the presence of FSI- anions. Moreover, earlier works with electrolytes with
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TTE as the diluent point out to negligible TTE-Li* interactions via ether oxygen atoms but do not
address TTE-Li* coordination via F atoms.3 7 This observation suggests, as we demonstrate

later in this work, that Li*-F interactions come from the TTE molecules.

The integral of the pCOHP population curves (IpCOHP) adds understanding on the relative
strength of the bonding interactions holding together the solvation shells around the Li* ions.38 51
Figure 1 (c) plots, for all formulations, the ICOHP integrals vs. the bonding distances for the
interactions Li*-Okg), Li*-Ogpny, and Li*-Frre. The interactions with oxygen atoms (Org- and Ogpnyi)
center on 1.9 A, and rank the lowest (more negative) values for the ICHOP integral, meaning
stronger bonding than F+g atoms. The bonding distances for the Li-F¢ interactions spread
between 1.94 to 2.5 A. The broad bond distances distribution for the Li-Frrg interactions,
suggests more flexibility compared to Li* interaction with oxygen. As shown in a later section,
dilution triggers the contribution of Li-F interaction for the solvation shell and strengthens the Li*-
FSI-interaction. The weaker Li-F interaction suggests the TTE molecules could easily detach
from the solvation shell, which in the long term might create chances for a higher FSI
coordination. This line of reasoning might explain the salt precipitation observed in experiments
for LIFSI:DMC:TTE electrolytes due to TTE over-saturation.?
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Figure 1: AIMD-NVT partial radial distribution functions (a) Li-O and (b) Li-F for formulations A1 and A4. ICHOP plots
for interactions Li+-OFSI- (dark red filled dots), Li-FTTE (blue filled triangles), and Li*-O¢ny (green filled dots).

Figure 2 and Figure 3 provide further insight into the nature of the atomic interactions discussed
in the above paragraph. Figure 2 (a) plots the global coordination number for each Li* ion (Li*
index) packed in the simulation cell for formulation A1, averaged over the last ten ps of the
AIMD-NVT simulation. Li* coordination oscillates between 4.5 and 5 atoms, slightly higher than
the tetrahedrally coordinated structures formed around Li* ions in dilute and LHCE electrolyte

formulations with BTFE as the diluent.53 54 Figure 2(b) breaks down the averaged contributions



Journal of Materials Chemistry A Page 10 of 29

to each atomic species’ global coordination number average over the last ten ps. The error bars

plotted on each value represent the average’s standard deviation.

In Figure 2(b), sulfonyl oxygen atoms from FSI- anions (Ogg)) and F atoms from TTE molecules
(Fre) contribute the most to complete the solvation shell around Li* ions. The Li*-Oggf
coordination shows negligible to zero standard deviation. However, the error bars for the Li*-
Frre coordination are larger, contributing the most to the standard deviation plotted for the global
coordination number in Figure 2(a); we corroborate later in this work that this behavior indicates
weaker Li*-Frrg interactions compared to Li*-Ogg-. Li* coordination with carbonyl oxygen atoms
from DMC varies from one to no DMC molecule completing the solvation shell. Moreover, the
FSI- anions do not coordinate with Li* via F atoms and Li*-TTE coordination via ether oxygen
(not shown) is zero, in agreement with experimental studies.” This coordination behavior hints
that TTE and DMC molecules competitively coordinate with Li* via F and carbonyl oxygen

atoms (Ocpnyi), respectively.

(a) (b)
é 6.0 7 T T O_FsI DMC
350 A I 8 F_FS F_TTE
° l € 40
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8 YT 5 3.0 1 T
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Li+ index Li+ index

Figure 2: Li* coordination behavior from AIMD-NVT simulations in formulation A1: (a) global coordination number, (b)
species contribution to the Li* coordination number. The Li* index labels the Li* ions packed in the simulation cell.

Figure 5 shows the average Li* coordination behavior across all formulations. The Li* ions
coordinate five atoms approximately regardless of the TTE concentration. The Li* ions
consistently coordinating with at least two sulfonyl oxygen atoms, indicative of CIP and AGGs
formation, proper of LHCE electrolytes.® The number of F atoms from TTE molecules adding to
the coordination shell ranks close to three at high diluent contents (A1) but lowers down to one
with lower diluent content (A4). The average number of DMC molecules completing the Li*
solvation shell is lower than one in formulations with high TTE contents such as the formulation

A1; evidencing that in some cases only FSI- anions and TTE molecules via F atoms complete

10
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the Li* solvation shell. However, this behavior changes with lower diluent contents as the

average increases to ~1 in formulations A3 and A4.

Coord. Num. O_FSI
DMC F TTE

Li+ Coord. Number
©S =~ N W 0 o
o O O O o o o

Al A4

A
Electro%yte Formulg‘t?on

Figure 3: Li* coordination behavior based on diluent contents: Global coordination number (Coord. Num.) and species
contribution to the coordination number

Figure 4 shows the calculated average number of Li* ions interacting with each FSI- anion,
DMC, and TTE molecules across all formulations and compares this information with Raman
spectra measurements for A1, A3, and A4, compared with pure DMC and pure TTE. Figure 4
(a) shows that FSI- anions interact with two Li* ions, with no changes in this behavior with the
diluent content, meaning that the TTE diluent does not affect the Li*-FSI- coordination. The
Raman spectra plotted in Figure 4 (d) corroborates this observation; the peak assigned to FSI-
anions coordinated with Li* (~750 cm-) only suffers a light intensity attenuation due to dilution
from A4 to A1, and instead shifts to the left, proper of a strengthened coordination behavior.
Figure 4 (b) shows that TTE molecules engage only one F atom if interacting with a Li* ion, and
this behavior does not change regardless that the ratio of TTE molecules interacting with Li*
increases from 40% to 80% as the diluent content decreases, meaning a relatively lower

availability of free (non-associated) TTE molecules.

The solvent’s coordination behavior shows (Figure 4 (c)) that on average, each DMC molecule
interacts with one Li*ion only (via the carbonyl oxygen atom). Moreover, the percentage of DMC
molecules engaged in Li*-O interactions increases from 20% to 60%, going from formulations
A1 to A4 (lower diluent contents). This behavior suggests that for high diluent contents, some
Li* ions complete their solvation shell with FSI- anions and/or TTE molecules exclusively,
leaving some DMC molecules as non-associated solvent molecules embedded within the bulk
liquid phase. Raman measurements in Figure 4 (d) show that the free DMC vibration band

centered at ~920 cm™' becomes attenuated across formulations A4 to A1. Moreover, the integral

11
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pCOHP population plots shown in Figure 1c reveal that the Li*-F interactions are comparatively
much weaker than Li*-O, interactions, suggesting that non-associated DMC molecules exist
in this state only for time periods too short before engaging in a Li* solvation shell so Raman
measurements cannot detect them. However, these weaker Li*-F interactions between the

cation and the diluent play a role in ionic transport, as discussed in a later section.
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Figure 4: Averaged coordination (left vertical axis, L) and percentage of molecules interacting with Li* (right vertical
axis, R): (a) FSI- anions, (b) TTE diluent molecules, and (c) DMC solvent molecules, (d) Progression of Raman
spectra for pure DMC and TTE, and formulations A1, A3, and A4
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Figure 5 (a) shows a grey-colored polyhedral construction around the interconnected solvation
shells in high-diluent formulation A1. The DMC and TTE molecules complete the solvation
shells that build up this aggregated network, but their inability to engage simultaneously with
multiple Li* ions limits their ability to grow aggregates. Instead, the aggregates are driven by
FSI-anions. Their flexibility to engage with multiple Li* ions via sulfonyl oxygen atoms in different
configurations gives room to the formation of aggregated networks embedded in the electrolyte

liquid structure.?

Figure 5 (b) highlights one of the solvation shells embedded in this polyhedral construction, in
which the Lit* interacts with FSI- anions and TTE molecules only. The left column in Figure S1
(supporting information) shows the PRDF profiles from the AIMD-NVT simulations for Li-O and

Li-F across all formulations.

Figure 5: (a) Aggregated networks in formulation A1: grey colored polyhedral construction drawn around the
interconnected solvations shells. (b) Detailed view of one of the solvation shells building up the aggregated network
structure.

We use a screening level methodology introduced in our earlier work to correlate the electrolyte
reductive/oxidative properties manifested in HOMO/LUMO levels to the liquid heterogeneities,
Bader electronic charge, and Li* coordination behavior.'> Figure 6 summarizes these
calculations performed on selected frames from the AIMD-NVT simulations for all formulations.
Note that the reported HOMO/LUMO levels in Figure 6 were extracted from the density of states
of the complete cell so they reflect the effects of the electrolyte environment on the electronic
distribution of each molecular component. The x- and y-axes in each plot correspond to the
Bader electronic charge and LUMO levels, and the left, centered, and right-sided columns
present information on the DMC solvent molecules, the FSI- anions, and the TTE diluent

molecules, respectively. Each symbol plotted represents an individual molecule or anion. For

13
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the solvent, the pentagons and triangles pertain to DMC molecules that either coordinate or not

to a Li* ion via carbonyl oxygen atoms.

Meanwhile, the grey-red colored scale bar corresponds to DMC coordination via ester oxygen
atoms; grey means no coordination and red means two ester oxygen atoms coordinating to a Li*
ion. For the FSI- anions, pentagons and triangles indicate coordination, or not, to Li* viaa F
atom. The rainbow-colored bar refers to coordination via sulfonyl oxygen atoms; dark blue
means no coordination and dark red all four oxygen atoms coordinating to Li* ions. Finally,
symbols for TTE molecules indicate coordination to Li* via the ester oxygen atom, while the

colored bar symbolizes coordination via F atoms.

Regardless of the electrolyte formulation, the lowest LUMO level falls on an FSI- anion.
Coordination with Li* via F atoms is not dominant but lowers the LUMO levels as well. Besides,
the tendency to more negative Bader charge values correlates to higher coordination with Li*.
The more Li* ions coordinating to the FSI- via sulfonyl oxygen atoms, the lower the LUMO level,

hence the more likely the anion to reduce.'? 14

DMC molecules coordinating with Li* via carbonyl or ester oxygen atoms show lower LUMO
levels than free solvent molecules. However, the ratio of free solvent molecules dominates. This
behavior differs from our earlier study on LiFSI:DMC HCE and LHCE electrolytes with the same
LiFSI:DMC molar ratio but using BTFE as the diluent, where most of the DMC molecules
engaged in interactions with Li* ions.'? The difference here comes from using of TTE. Both TTE

and DMC molecules compete to coordinate with Li* ions via Li-F or Li-O, respectively.

TTE molecules do not coordinate with Li* via ester oxygen atoms. However, the proportion of
TTE molecules coordinating via one or even two F atoms is notable and increases with lowering
the diluent content. As with FSI- anions and DMC molecules, coordination with Li* lowers the
LUMO levels, making the TTE molecule more likely to be reduced.'* This behavior is particularly
evident in formulations A1 and A2 for those TTE molecules coordinating two of their F atoms

with Li* ions.
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In summary, coordination with Li* drags electronic charge, hence lowers the LUMO level and
makes the anion or molecule more likely to reduce. This effect, coupled to the flexibility of FSI-
anion to coordinate with Li* via multiple sulfonyl oxygen atoms and to the presence of free DMC
solvent molecules, triggered by TTE dilution, explains the electrolyte’s tendency to favor Li salt

reduction over DMC, leading to a more stable SEI film.
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Figure 6: LUMO levels vs. bader electronic charges and Li-O, Li-F interactions for formulations A1, A2, A3, and A4.

Figure S2 outlines a similar analysis to elucidate changes in the electrolyte oxidative behavior
based on the diluent contents. The DMC molecules score high HOMO levels in all formulations
regardless of the diluent content. This behavior deviates from our earlier observations for HCE
electrolytes with the same LiFSI:DMC molar ratio, where DMC coordination with Li* lowered
HOMO levels down to the same level and even lower than FSI- anions.'? The TTE-Li* interaction
via F atoms explains this deviation from the HCE formulation. Both TTE and DMC compete to
interact with Li*, leading to an increase in the ratio of temporary non-associated DMC molecules
even though the elevated LiFSI concentration. The TTE molecules engaged with Li* via one or
two F atoms tend to lower their HOMO level. However, on average, non-associated TTE
molecules score higher HOMO levels than FSI- anions, which suggest an increased likelihood
for these TTE molecules to oxidize on the cathode surface at high voltages to grow LiF-
dominated passivation layers. 7 This behavior agrees with other studies on LHCE electrolytes
using TTE as diluent for HCE electrolytes made from LiFSI and 1,2-dimethoxyethane (DME).3
The addition of TTE as diluent lowers the electrolyte viscosity, improves wettability, and
enhances the stability of Ni-rich NMC811 cathodes under high potentials. X-ray photoelectron
spectroscopy measurements indicate TTE participates in the cathode electrolyte interphase
(CEI) formation. Figure S3 summarizes the reduction potential (vs. Li/ILi*) for all molecules and
FSI- anions with the geometry configurations and coordination with both Li* ions and F atoms
adopted in formulations A1 to A4 in the same format used in Figure 6 and Figure S2. The
reduction potential (in V) was calculated as the negative of the energy difference for the reaction
A + e 2> A, where A was the selected molecule in its respective environment, and A-was the
same configuration with an electron added. Reduction potentials in Figure S3 were normalized
with respect to the potential for the reaction Li* + e- = Li?,1.37 V, obtained from Tables of
Reduction Potentials. Figure S3 shows the dramatic impact that coordination with Li* ions has
on the reduction potentials. The higher the coordination (shown by the color code in the figure),
the easier the solvent molecules or FSI- anions to reduce. It also shows how the TTE content
modulates the overall FSI- reduction behavior, the lower the diluent content, the FSI- anions
become easier to be reduced compared to both solvent and diluent. Finally, the Li*-F
coordination also influences the TTE reduction behavior; TTE molecules engaged in Li*-F

interactions are easier to reduce than uncoordinated TTE molecules.
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Classical Molecular Dynamics Calculations

Classical MD simulations address the Li* transport mechanism of the LHCE electrolyte. We first
run a first set of simulations without an electric field to verify the accuracy of the force field
parameterization against the AIMD-NVT simulations and then add the electric field driving the
Li* ions throughout the liquid structure. Table S1 specifies the number of molecules packed and
cell dimensions used to verify the force field parameterization. The input geometries come from
replicating the output geometries from AIMD-NVT simulations, such as the average number of
particles per simulation cell increases close to three thousand atoms. The equilibration and

production runs last for about 500 and 1000 ps, respectively.

We first compare in Figure S1 the Li-O and Li-F PRDF profiles with AIMD-NVT calculations. The
Li-O interaction averages at 1.92 and 1.79 A across all formulations for the AIMD-NVT and
classical MD calculations, respectively, whereas the Li-F does it at 2.05 and 1.99 A,
respectively. This close agreement between both methods provides confidence in the force
field’s ability to the handle intra- and inter-molecular interactions of the electrolyte liquid phase.
Besides, no PRDF profile shows sharp peaks at long-range distances, suggesting no long-
range ordering or salt crystallization regardless of the liquid phase’s heterogeneities due to

agregate’s formation.

As with Figure 2, Figure 7 displays the coordination number and the individual contributions to
the solvation shell for each Li* averaged over the las 100 ps of simulation in high-diluent
formulation A1. Like the AIMD-NVT simulation, the coordination number oscillates around 4.0 to
5.0 atoms with sulfonyl oxygen atoms from FSI- anions and F atoms from TTE molecules
contributing the most to complete the coordination sphere. DMC molecules contribute less to
the solvation shell, and we attribute it to the presence of the TTE molecules. As with AIMD-NVT

simulations, FSI- anions do not interact with Li* via F atoms.

Figure S4 compares the aggregated structures from AIMD-NVT and classical MD in the liquid
electrolyte for all formulations. Regardless of the simulation method, lowering the TTE content
increases the size of the aggregated structures. The similarities between these two simulation
methods in both the Li* coordination behavior and the aggregated structures’ structural features

give confidence in the force field parameterization ability to model the liquid electrolyte.
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Figure 7: Li* coordination behavior from classical MD simulations in formulation A1: (a) global coordination number,
(b) species contribution to the Li+ coordination number. Bottom plot with no error bars for easier visualization
purposes.

In regular battery operation, the electric field drives Li* drifting motion throughout the electrolyte
liquid structure. To set up the input geometries for this set of simulations, we take the output
geometries from the classical MD simulations without electric field and replicate them along the
electric field’s direction. No simulation cell is shorter than 99.5 A, long enough to follow the Li*
drifting motion. Table S2 shows the specifications for these simulation cells. We break
periodicity along the z-coordinate and run a further equilibration job for 500 ps at 330 K with the
NVT ensemble before activating the electric field. Afterward, we apply the electric field and let

the calculation run for no less than 1.67 ns.

Figure 8 shows the simulation setup for formulation A1. The grey-colored polyhedral
construction highlights the aggregated liquid structure without showing solvent and diluent
molecules not associated with the aggregated. To keep the simulation cell neutral, we define
reservoir and sink boxes on the left/right sides of the simulation cell to insert/remove Li* ions
once any Li* ion reaches the end wall. The electric field equals 0.4 V/A, and we keep it constant

for all formulations. Even though this magnitude overwhelms any operational battery condition
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from experiments, it allows us to observe the Li* drift displacement within the time simulation

window still without triggering significant polarization effects in the liquid electrolyte.

E,.q= 04 V/A
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Figure 8: Simulation setup for evaluating Li+ drifting displacement under external electric field. Grey colored
polyhedral construction dran around the interconnected solvation shells. Non-associated solvent and diluent
molecules not shown for easier visualization purposes.

Figure 9 shows the initial and final frames of the simulation cell for formulation A1. Even though
the configuration of the aggregated structures changes, the concentration profiles plotted below
each frame for Li* ions, FSI- anions, and DMC and TTE molecules show no evidence of
concentration polarization, as we observe no spatial separation between Li* ions and FSI-
anions even after 1.8 ns of simulation. The DMC and TTE molecules also show a concentration
profile well spread throughout the simulation cell. The concentration profiles plotted in Figure
S5 show the same behavior for formulations A2, A3, and A4, even though the incrementally

lower diluent content from A2 to A4.
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Figure 9: Concentration profiles in formulation A1 before (a) and after electric field applied (b).
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Figure 10 summarizes the drift displacement under the electric field’s influence for one Li* ion in
formulation A1. The top left-sided plot follows the ion location along the electric field’s direction
vs. time. Meanwhile, the plots (b) and (c) correlate the drift displacement to the solvation shell
coordination. The images on the right show the ion’s solvation shell at selected frames. Even
though the global coordination number averages at 4.24, the number of sulfonyl oxygen atoms
from FSI- anions changes with time, and the same do the number of carbonyl and ester oxygen
atoms from DMC molecules, and F atoms from TTE molecules. Changes in the type of species
involved in the solvation shell determine the drifting ion dynamics. Before 190 ps, two sulfonyl
oxygen atoms, one carbonyl oxygen atom, and one F atom complete the solvation shell.
Between 190 to 480 ps, the solvation shell changes to one sulfonyl oxygen atom, one carbonyl
oxygen atom, and two F atoms. From 480 to 500 ps approximately (where the z coordinate
shows a significant change), only F atoms surround the Li* ion. After 500 ps, sulfonyl oxygen
atoms replace some F atoms, such as the species completing the solvation shell are FSI-
anions and TTE molecules. The Li* drifts slower whenever sulfonyl oxygen or carbonyl oxygen
atoms dominate the solvation shell. Conversely, the Li* drifts faster if F atoms replace oxygen

atoms.

This drifting behavior suggests that Li* ions exchange ligands dynamically via repeated ion
dissociation/association, leading to a hopping conduction mechanism that conventional models
such as the Onsager’s theory and the Stoke’s law cannot explain.® 622 Unexpectedly, TTE
molecules act as fast conduction paths; Li* ions jump between aggregated networks built mainly
from FSI- anions via TTE diluent zones. The external electric field breaks Li-O interactions. The
aggregated structure hinders displacement of individual FSI- anions, and the weaker Li-F
interactions, compared to Li-O (Figure 1 (c)), trigger faster Li* displacement between

agglomerated clusters.
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Figure 10: Drifting motion for one Li* in formulation A1 under influence of the electric field. (a) Li* location along the
electric field direction vs. simulation time, (b) global coordination number (CN) and Li* coordination with DMC
molecules (O_DMC), (c) Li* coordination with TTE molecules (F_TTE) and FSI- anions (O_FSI), (d) Li* solvation shell
at selected times throughout the simulation.

For clarity, Figure 10 shows results just for one Li ion; however we carefully checked the
transport mechanisms for all other ions, and observed that this is the predominant ion dynamics

throughout the simulation.

Figure 11 shows the average drift velocity for Li* ions, FSI- anions, and DMC and TTE

molecules calculated using Equation 1; ze,q and zj,itia1 COrrespond to the end and initial
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positions along the electric field’s directions, evaluated at the tepnq and tiyia times, respectively.

The number of species packed in the simulation cell is n.

n

< ) 1 2 : Zend — Zinitial
Vdrift) = =
N4 4 tend — tintial

1=

Equation 1: Average drift velocity along the electric field direction

The external electric field ensures an average drift velocity for Li* ions positive along the electric
field direction. However, this drift velocity slightly decreases with lower diluent contents. We
attribute this behavior to a longer residence time of Li* ions in the aggregated liquid structures
where Li* predominantly engages in stronger Li-O interactions compared to Li-F, which
correlates with the increase in viscosity lowering the diluent content. LHCE electrolytes always
lower viscosity after dilution and also usually lead to better ionic conductivity than equivalent
HCE formulations unless too much diluent is added.® Besides, with lower diluent contents, fewer
TTE molecules are available to provide fast conduction paths, as we discuss above. The FSI-
anions show a negative drift velocity but three to four orders of magnitude lower than Li* ions.
This behavior suggests negligible concentration polarization, and the difference in magnitude
indicates decoupled Li* and FSI- dynamics. As with the structural transport mechanism,'® these
uncorrelated drift velocities, indicate that neighboring species do not diffuse together by any
appreciable amount. Besides, the ability of Li* to drift via repeated hopping events hinders
concentration polarization, favoring increased limiting current density and improved rate
capability, compared to conventional diluted electrolytes.'’® The average drift velocities for DMC
and TTE molecules do not show evident changes based on the diluent content and are four to
five orders of magnitude lower than Li* ions, indicating decoupled dynamics even though the

interaction with Li* via carbonyl oxygen and F atoms, respectively.
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Figure 11: Averaged drift velocities under influence of electric field for: (a) Li* ions, (b) FSI- anions. (c) DMC solvent,
and (d) TTE diluent

Figure 12 summarizes every possible solvation shell for all Li* ions at every step of the
simulation for high diluent formulation A1, calculating the average displacement between two
consecutive frames in the atomic trajectory for each combination and counting how many times

each of these combinations repeat.

The most common coordination shell has four surrounding atoms, two sulfonyl oxygen atoms
from FSI- anions, one carbonyl oxygen atom from DMC molecules, and one F atom from TTE
molecules. The second most repeated one has five atoms completing the solvation shell with
three oxygen atoms from FSI- anions and two F atoms from TTE molecules. The third one has
one oxygen atom from FSI- anions and two F atoms from TTE molecules. Every saved frame in
the simulation separates apart 0.125 ps, and the most significant displacement along the
electric field for this time interval averages close to 0.6 A. The solvation shell ranking this
average displacement has one carbonyl oxygen atom and two F atoms. The solvation shell with
the second-largest displacement has one sulfonyl oxygen atom and three F atoms, while the

third one has one carbonyl oxygen atoms and three F atoms. Solvation shells with one, two,
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three and even four F atoms show the larger displacements but quickly become less common
as the number of F atoms increases. Moreover, solvation shells with more than two sulfonyl

oxygen atoms quickly become less common and show shorter average displacements.
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Figure 12: Solvation shells computed in formulation A1 for all Li* ions for every step of the simulation: Average Li*
displacement between two consecutive frames (0.125 ps) and number of times the solvation shells repeats
throughout the simulation (count) vs. global coordination number (CN), Li* coordination with FSI- anions (Ofsi),
carbonyl oxygen atoms (Cybx), and TTE molecules (F_TTE)

Figures S6, S7, and S8 summarize the same coordination analysis for formulations A2, A3, and

A4. The most common solvation shells have four to five atoms in all formulations with TTE and

DMC molecules competitively interacting with Li* regardless of the diluent content. The number

of sulfonyl oxygen atoms completing the most common solvation shells increases from two to
three atoms with lower diluent contents proper of the electrolyte’s increased aggregation state.
Similarly, the number of F atoms from TTE molecules for the most common solvation shells

decreases with lower diluent content proper of the less availability of TTE molecules.

Conclusions

This work shows that TTE interacts with Li* ions with F atoms instead of ether oxygen atoms.
The proportion of TTE molecules coordinating Li* via one or two F atoms increases with lower
diluent contents. As with the equivalent HCE, high salt concentration leads to the formation of
aggregates. The FSI- anions direct these aggregated structures’ structural features due to the
availability of multiple sulfonyl oxygen atoms and the anion structural flexibility that can adopt

multiple configurations. All FSI- anions coordinate with Li* regardless of the diluent content.
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FSI- anions score lower LUMO levels regardless of the diluent content, making the Li salt more
likely to be reduced and contribute to more stable passivation layers on negative electrodes.
Free diluent molecules are more likely to oxidize at high potentials, contributing to LiF
concentrated passivation films on cathode electrolytes that potentially enhance the

electrochemical battery performance.

Li* ions drift throughout the liquid structure via repeated ion dissociation/association processes
that lead to a hopping conduction mechanism in which the nature of the solvation shell
continuously changes throughout the drifting motion. Li* ions interact with TTE molecules via F
atoms and eventually jump between aggregated networks where Li-O interactions dominate, via
diluent-enriched phases, such as the solvation shell temporarily mutating to a Li-F coordination
structure. The weaker Li-F interaction makes the drifting displacement faster until the Li* ions
engage with Li-O interactions again. Our results contribute to a better atomic-level
understanding of the liquid structure of LHCE electrolytes and provide pathways to efficient

dilution strategies for HCE electrolytes.
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