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Hyperconjugation-controlled molecular
conformation weakens lithium-ion solvation and
stabilizes lithium metal anodes+
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Tuning the solvation structure of lithium ions via electrolyte engineering has proven effective for lithium
metal (Li) anodes. Further advancement that bypasses the trial-and-error practice relies on the
establishment of molecular design principles. Expanding the scope of our previous work on solvent
fluorination, we report here an alternative design principle for non-fluorinated solvents, which potentially
have reduced cost, environmental impact, and toxicity. By studying non-fluorinated ethers
systematically, we found that the short-chain acetals favor the [gauche, gauche] molecular conformation
The
dimethoxymethane electrolyte showed fast activation to >99% coulombic efficiency (CE) and high ionic

due to hyperconjugation, which leads to weakened monodentate coordination with Li*.
conductivity of 8.03 mS cm™. The electrolyte performance was demonstrated in anode-free Cul|LFP
pouch cells at current densities up to 4 mA cm~2 (70 to 100 cycles) and thin-Li|lhigh-loading-LFP coin
cells (200-300 cycles). Overall we demonstrated and rationalized the improvement in Li metal
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Introduction

The lithium-metal (Li) electrode has attracted enormous
research interest.' However, its high reactivity and large volume
change pose significant challenges to battery stability.>* Elec-
trolyte design is an effective strategy to overcome the insta-
bility.* In recent years, numerous advanced electrolytes have
enabled Li||Cu half-cell coulombic efficiency (CE) of >99% with
the desired chunky Li deposition morphology.>* The combi-
nation of LiFSI with rationally designed solvent(s) is among the
most successful strategies.***® By controlling the solvation
structure of Li', the FSI -derived inorganic-rich SEI becomes
more dominant,* which swells less*” and dissolves less®® in the
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performance by tuning the acetal structure.

electrolyte and remains mechanically robust and chemically
passivating. Following this design, our groups'“'”** and
others®**'#*%! developed several solvents that enabled quick and
effective passivation of the Li electrode, where the initial CE
reached >99% within 5 cycles'>"” and stable CE reached 99.9%
after 100 cycles in Li||Cu half cells."*

Despite these developments, the understanding of molec-
ular design principles is still limited. Solvent fluorination has
been proven effective to tune the Lewis basicity of solvents,
and thereby their solvation ability.'>*"**-*> However, fluori-
nated organic molecules face potential issues with cost, envi-
ronmental concerns, and toxicity. Therefore, it is of great
interest to develop additional molecular design principles. We
recently reported steric hindrance as an alternative, effective
design strategy.”® However, given the vast tunability of organic
molecules, the molecular design space remains largely
unexplored.

Herein, we report a new molecular design strategy, where we
use solvent molecular conformation to tune the Li* solvation
structure and electrolyte reactivity. Ethylene glycol ethers have
a relatively flexible dihedral angle between the two O-CH,
bonds, which enables bidentate chelation with Li*. In contrast,
acetals favor a gauche conformation between O-CH; and O-CH,
bonds due to hyperconjugation, which results in weak mono-
dentate coordination with Li* (Fig. 1a). Notably, two recent
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Fig. 1 Solvent coordination geometry as a design strategy for LMB electrolytes. (a) The most stable coordination geometries of solvent
molecules with Li*. The electrostatic potential surfaces of DME and DMM show different orientations of negative charge density around oxygens.
(b) Schematic structure of DMM showing hyperconjugation between the O lone pair electrons and C-O sigma antibonding orbital, of which the
orbital alignment is shown in the Newman projection. Note there are two pairs of such interactions per acetal. (c—e) DFT calculated ground state
energy difference between structures containing [anti, anti] and [gauche, gauche] conformations of DMM. (c) A single DMM molecule. (d) A
solvation structure of 2 FSI~ and 1 DMM around Li*. (e) A solvation structure of 1 FSI~ and 2 DMM around Li*. (f) *Jcy coupling constants of
anomeric —CH,— of DOL, DMM and DEM with various concentrations of LiTFSI. The dashed lines indicate the expected YJcy for each molecular
geometry shown on the right.*® The anomeric position is indicated in red.

publications®”*® reported the weakly solvating nature of acetal
solvents, but they proposed an anti conformation for acetals.
Advancing from these previous papers, our work here provides
further understanding on (1) the molecular origin of the weakly
solvating property of acetals, (2) the cycle stability of acetal
electrolytes as determined by ion transport, CE, and interfacial
stability, and (3) the Li anode morphology, structure, and SEI
properties.

The electrochemical performance was evaluated with 0.9 M
and 3 M lithium bis(fluorosulfonyl)imide (LiFSI), representative
of standard and high concentration electrolytes. Both dime-
thoxymethane (DMM) and diethoxymethane (DEM) as examples
of acetals showed faster stabilization of Li CE compared to 3 M
LiFSI/DEE.” Impressively, the DMM electrolytes reached >99%
CE within 3 to 5 cycles at 0.5 mA cm™ > and 1 mA h em™? in
Li||Cu half cells, which is comparable to that of the best fluo-
rinated ethers.""” In addition, the high ionic conductivity and
transport number of 3 M LiFS/DMM enabled low over-
potentials of 55 mV at 6 mA cm™~> and 85 mV at 10 mA cm ™ in
Li||Li cells. The overall benefits of fast CE activation, high CE,
and good ion transport were seen in thin-Li||LFP coin cells and
anode-free Cu||LFP pouch cells.

19806 | Chem. Sci, 2024, 15, 19805-19819

Results and discussion
Molecular structures and design principle

Ethylene glycol ethers, such as 1,2-dimethoxyethane'® (DME)
and 1,2-diethoxyethane® (DEE), are among the most commonly
used solvents for Li metal anodes due to their reductive
stability. Despite relatively low permittivity,*® these ethers
exhibit good Li salt solubility through the chelation effect—the
bidentate ligands can form a stable five-membered ring with Li"
(Fig. 1a). However, the strong coordination between the solvent
and Li" results in fewer ion pairs or aggregates and, subse-
quently, disfavors the formation of an anion-derived SEL*
Previously, we utilized fluorine substitution' and steric effects®
to weaken the coordination ability of ethylene glycol ethers.
Herein, we report a third molecular design strategy that
weakens the Li™-solvent interaction by controlling the confor-
mation of solvent molecules.

We demonstrate this strategy by studying the solvation
behaviors of dimethoxymethane (DMM) and diethoxymethane
(DEM). We hypothesize that acetals are weak monodentate
ligands because (1) the stabilization effect from chelation is
reduced due to the more strained structure from the shortened
distance between two oxygens (Fig. 1a) and (2) the molecular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conformation due to hyperconjugation®****** (Fig. 1b, ESI
Discussion 1) leads to the opposite orientations of charge
density on each oxygen and significantly reduces chelation with
Li" (Fig. 1a).

Previous work confirmed the [gauche, gauche] conformation
of pure DMM and DEM.***! However, it is unclear whether Li*
coordination could alter their conformation. Therefore, we used
density functional theory (DFT) calculation (ESI Discussion 2+)
to determine the optimal solvent conformation within solvation
shells (1 Li*, 2 FSI", 1 DMM and 1 Li*, 1 FSI", 2 DMM) and
outside the solvation shell (Fig. 1c-e). These typical solvation
shell compositions were selected based on previous reports on
weakly solvating electrolytes,"'” and they will be confirmed in
the later section. Similar to pure DMM, the solvation complexes
with [gauche, gauche] DMM are more stable than those with
[anti, ant{] DMM by 19 to 29 k] mol . The optimized structures
show that [anti, anti] DMM is bidentate (i.e. two oxygens per
DMM coordinating to one Li") whereas [gauche, gauche] DMM is
monodentate (i.e. one oxygen per DMM coordinating to one
Li"). Consistent with our rationales above, the energy gain of
chelation is minimal compared to the energy penalty of
breaking hyperconjugation in DMM. We expect the same
behavior in DEM since the intramolecular steric strain is similar
for ethyl and methyl groups in [gauche, gauche] acetals—the
nonlinear geometry should be significantly more stable in DEM
as well >

The DFT results above were cross validated by 1D NMR
experiments. The carbon-proton one-bond coupling constant at
the anomeric position (‘/cy) is dependent on conformation.*
Based on a literature report for acetals,® ‘Jcy < 158 Hz corre-
sponds to an [anti, anti] conformation, ‘Jcy ~162 Hz corre-
sponds to [gauche, gauche] with R groups on the opposite
planes, and Yy > 166 Hz corresponds to [gauche, gauche] with R
groups on the same plane (Fig. 1f). A cyclic acetal, 1,3-dioxolane
(DOL), was used as a control since it cannot adopt an [anti, anti]
conformation. The ‘Jcyy values of DOL, DMM and DEM were
measured with various LiTFSI concentrations. Both pure DMM
and DEM have “Jcy close to 162 Hz corresponding to [gauche,
gauche], whereas pure DOL shows “Jcy right below 166 Hz due to
a puckered conformation as shown in a previous report.** As
LiTFSI concentration increases, the /oy values of DMM and
DEM are around 162 Hz, corresponding to a [gauche, gauche]
conformation. In addition, DMM and DEM follow the same
trend as DOL, which further confirms that DMM and DEM do
not adopt an [anti, anti] conformation when coordinated with
Li'. The same experiment was carried out using LiFSI in DMM
and DEM (ESI Fig. S11), where the same trend was observed.

Based on the DFT calculation and NMR experiment above,
we conclude that both DMM and DEM remain in the [gauche,
gauche] conformation irrespective of whether they are coordi-
nated with Li'". This molecular conformation prevents DMM
and DEM from bidentate chelating with Li" due to the orien-
tation of negative charge density on each oxygen as well as the
distance between two oxygens. Therefore, this suggests that the
solvating ability of monodentate DMM and DEM is weaker than
that of bidentate DME and DEE.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Solvation structures

To verify our hypothesis above, the solvation structures of LiFSI
in various solvents were investigated. For each solvent, 1 and 4
moles of LiFSI per liter of solvent were prepared, corresponding
to standard (~0.9 M) and high (~3 M) concentration electro-
Iytes, respectively. The molarity and molality for each electrolyte
are listed in ESI Table S1.} Notably, these concentrations were
not optimized for each electrolyte. They were selected to
represent the standard and high concentration electrolytes
typically seen in the literature.’***** The focus is to uncover
the relation between molecular conformation and solvation,
which impacts the cycle performance of LMBs.

We first quantify the strength of solvation by measuring the
difference between the chemical potentials of Li" in sample
electrolytes and a common reference electrolyte,
Apir = piet — wf, using the method detailed in our previous
work.®® A higher Au,;- correlates to weaker Li* solvation, and
thereby stronger Li'-FSI™ interactions.**-*° We found that Au;
increases in the order of DME < DEE < DMM < DEM, for both 0.9
M and 3 M LiFSI (Fig. 2a), confirming weaker solvation of Li" by
DMM and DEM. Notably, despite being fluorine-free, DMM and
DEM electrolytes show similar Auy ;- to that of trifluorinated and
tetrafluorinated DEE electrolytes at low concentrations," which
confirms the impact of solvent coordination geometry on
solvation ability.

The observation from Apu;;+ was corroborated by the degree
of ion interactions inferred from Raman spectroscopy. The data
are shown in Fig. 2b, where the convoluted peaks between 700
and 760 cm™ " correspond to FSI™ in various solvation envi-
ronments. A shift to higher wavenumber indicates a greater
proportion of contact ion pairs (CIP) and ion aggregates (AGG),
relative to solvent-separated ion pairs (SSIP).**** At both 0.9 M
and 3 M, the wavenumber increases in the order of DME < DEE
~ DMM < DEM, which implies the increasing proportion of
FSI™ in CIP and AGG. The trend is consistent with Aug;:, except
that the Raman shifts in DEE and DMM electrolytes are
comparable. A similar discrepancy has been noted previously,*
which was attributed to the anion-solvent interactions®*—Apu, ;+
measurement probes the Li' solvation environment whereas
Raman spectroscopy probes the FSI™ solvation environment.

In addition, all-atom molecular dynamics (MD) simulation
was carried out to provide a detailed view of the inner solvation
shell (ESI Fig. S27). The Li' solvation shells are categorized as
SSIP, CIP, or AGG when the number of coordinating FSI™ is 0, 1,
or =2 (Fig. 2¢).>"* At the same LiFSI concentration, DEE, DMM,
and DEM have more CIP and AGG compared to DME due to
their weaker solvation ability. As LiFSI concentration increases,
the fraction of CIP and AGG increases, indicating weaker Li"
solvation. Interestingly, at both 0.9 M and 3 M, DEE, DMM, and
DEM exhibit similar degrees of CIP and AGG despite their
difference in Auy;+. This is because in addition to the number of
FSI" in the solvation shells, several other factors could impact
Apyie: (1) the different enthalpic interactions between Li* and
solvents (ESI Fig. S2ct), (2) the different entropic effects® due to
different solvent permittivity, chelation effects, and configura-
tional freedom in the solvation shells.

Chem. Sci., 2024, 15, 19805-19819 | 19807
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Fig. 2 Experimental and computational characterizations of static solvation structures of 0.9 M and 3 M LiFSI in acetals (DMM and DEM) and
ethylene glycol ethers (DME and DEE). (a) The difference in Li* chemical potential in sample electrolytes and reference electrolyte (A ;+).*® A

higher Au, i+ correlates to weaker Li*

solvation at the same concentration, assuming only small contributions from the difference in activities.

Three measurements were averaged for each sample with error bars shown. (b) Raman spectra of the electrolytes. The convoluted peaks
between 700 and 760 cm™ correspond to FSI~ in various solvation environments. The increasing wavenumbers roughly correlate to more Li*—
FSI™ interactions. The data of ethylene glycol ethers were reproduced from ref. 9. (c and d) Solvation structures by MD simulation. (c) Probability
of various Li* solvation environments categorized by solvent-separated ion pairs (SSIP) (0 FSI~ around 1 Li*), contact ion pairs (CIP) (1 FSI7), and
ion aggregates (AGG) (=2 FSI7). (d) Estimated average denticity of the coordinating solvent (blue) and FSI~ (red) around Li*.

From MD results, we further estimated the average denticity
of coordinating solvent and FSI™ around Li" (see Method).
Denticity is defined as the number of donor groups (e.g. O
atoms) per ligand (e.g. DME) that bind to the central metal ion
(e.g. Li"). With both 0.9 M and 3 M LiFSI, the average denticity of
DME and DEE is higher than that of DMM and DEM (Fig. 2d),
which is consistent with our prediction of monodentate DMM
and DEM versus bidentate DME and DEE by NMR and DFT
(Fig. 1). It is worth noting that MD simulation may have over-
estimated the average denticity of DMM and DEM (ESI
Discussion 31). Nevertheless, the trend in Fig. 2d clearly shows
the diminished chelating ability of DMM and DEM compared to
DME and DEE.

19808 | Chem. Sci., 2024, 15, 19805-19819

Additional insight into solvent coordination geometry is
provided by the non-isothermal measurement of electrode
potential temperature coefficients (TCs)*® at the same salt
concentration. The TC is related to the entropy change (AS) of
the Li'/Li half-cell reaction and is affected by the solvent coor-
dination geometry and charge screening effect.® The measured
TCs were lower in 3 M LiFSI/DMM (1.34 mV K™ ') than 3 M LiFSI/
DME (1.69 mV K ') (ESI Fig. S3). The larger TC suggests
a higher AS for the Li'/Li reaction in DME. This can be attrib-
uted to the more significant loss in rotational freedom of
bidentate-chelated DME, in comparison to the monodentate-
coordinated DMM. Since DMM (2.7)*® has a lower dielectric
constant than DME (7.3),” the weaker charge screening effect is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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expected to lead to a higher TC and AS in DMM electrolytes as
more solvent molecules are organized or released around Li"
during the half reaction. However, the effect from solvent
coordination geometry is strong enough to overcome that of
charge screening. Overall, the TC measurement provided
additional experimental evidence to support the different
coordination geometries proposed for the acetals and ethylene
glycol ethers.

Li cycling stability

The benefits of weakly solvating electrolytes have been previ-
ously reported, including the preferential anion decomposition
and passivation of electrode-electrolyte interfaces from the
formation of an inorganic-rich SEIL* increased Li'/Li equilib-
rium potential and weakened reduction ability,** and increased
surface energy of deposited Li for a lower surface/volume ratio.*’
These reports motivated us to further investigate the electro-
chemical stability of acetal electrolytes.

The Li||Cu half-cell CE of the acetal electrolytes was bench-
marked against the previous state-of-the-art non-fluorinated
DEE electrolyte.’ In the initial 20 cycles, 0.9 M and 3 M LiFSI in
DMM and DEM significantly outperformed 3 M LiFSI/DEE
(Fig. 3a). Remarkably, 0.9 M and 3 M LiFSI in DMM reached
>99% CE within 5 and 3 cycles, respectively. This is highly

View Article Online
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desirable for anode-free LMBs, but it was only previously
observed in electrolytes with fluorinated solvents.'>* In
comparison, 3 M LiFSI/DEM and DEE reached >99% CE after 19
and 45 cycles, respectively (Fig. 3a). Their slow activation would
lead to quick loss in Li inventory in the initial cycles. The
stabilized average CE calculated after the 50th cycle was above
99% for all five electrolytes tested, among which 3 M LiFSI/
DMM was the highest at 99.5% (Fig. 3b). The average CE at
various stages of Li||Cu cycling was also calculated (ESI Fig.
S47).

The CE was also measured by the modified Aurbach
method®® at room temperature (Fig. 3¢). With 0.9 M LiFSI, DMM
(99.3%) and DEM (99.2%) both slightly outperformed DEE
(99.0%).° With 3 M LiFSI, DMM (99.4%) and DEM (99.3%)
showed similar CEs to that of DEE (99.4%).”° The advantage of
acetals compared to DEE was more apparent on bare Cu,
whereas cycling on top of excess Li obscured the difference.

Low temperature cycling

Stable cycling (both plating and stripping) of Li at low temper-
atures is of great interest but rarely demonstrated.****" We
measured the CEs of 3 M LiFSI in DMM, DEM and DEE by the
modified Aurbach method at 0 °C. Both acetal electrolytes
demonstrated stable CE above 99%, whereas the DEE electrolyte
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Fig. 3 Electrochemical stability of 0.9 M and 3 M LiFSI in DMM and DEM. (a) Initial CE of Li||Cu cells. The number of cycles to reach 99% is
indicated for each electrolyte. (b) Long-term cycling of Li||Cu cells. The stabilized average CEs were calculated after the 50th cycle. Abnormal
cycles due to instrument failure were omitted in the calculation. The best cell was used for calculation when there are replicates. The data of 3 M
LiFSI/DEE were taken from ref. 9 The average CEs at various stages of Li||Cu cycling are shown in ESI Fig. S4.1 (c and d) Li||Cu CE measured by the
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f) Oxidative stability of the electrolytes measured by LSV using Al (e) and Pt (f) as the working electrodes. The Al electrode was used to probe the
corrosion or passivation reaction between the Al current collector and the electrolytes, whereas the Pt electrode was used to probe the intrinsic

oxidative stability of the electrolytes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showed significant instability with a large initial overpotential
of ~300 mV and low CE of ~90% (ESI Fig. S51). Notably, such
instability was not due to bulk ion transport since the ionic
conductivities at 0 °C (with Celgard 2325) decreased in the order
of DMM > DEE > DEM with 3 M LiFSI (ESI Fig. S6at). In addi-
tion, the CEs were measured at —20 °C. Compared to room
temperature (Fig. 3c), the CEs were higher for both acetal
electrolytes at —20 °C albeit with slightly larger variations
(Fig. 3d). The increase in CE was likely due to kinetically sup-
pressed side reactions at low temperatures. In stark contrast, 3
M LiFSI/DEE failed to achieve stable cycling at —20 °C (ESI Fig.
S71) with a large initial overpotential (ca. —2.3 V) and spiky
voltage.

The Li deposition morphology on Cu was observed by
scanning electron microscopy (SEM) (ESI Fig. S8 and 9t). For
the acetal electrolytes, the Li deposition was bulky and uniform
at 0 °C and —20 °C. In contrast, the DEE electrolyte showed
bulky Li at 0 °C and virtually no deposition at —20 °C. If Li
deposition was limited by ion transport due to low ionic
conductivity of 3 M LiFSI/DEE at —20 °C (ESI Fig. S61 and
notes), we would expect voltage divergence and Li dendrites,****
neither of which was observed. Therefore, the poor low-
temperature Li cyclability of DEE should be attributed to the
slow reaction kinetics as a result of the high energy barrier for
Li" de-solvation due to chelation.?"%

For comparison, the cyclability of 1.2 M LiFSI/F4DEE and
F5DEE" was tested at —20 °C, which showed unstable behavior
(ESI Fig. S107), further indicating the advantage of acetals over
ethylene glycol ethers. Furthermore, the low-temperature
cyclability was investigated in Li||Li cells (ESI Fig. S11f and
notes), which gave similar observations to those in Li||Cu cells.

Oxidative stability

A major issue of imide-based salts is their side reaction with an
aluminum (Al) cathode current collector at high voltages.
Previously, we demonstrated that a weakly solvating electrolyte
allowed the buildup of a thick and fluorine-rich passivation
layer on Al even when LiFSI was used.’ This was attributed to
less dissolution of Al(FSI), and other reaction products in
a weakly solvating electrolyte.®® Therefore, we predicted that the
acetal electrolytes should be compatible with the Al current
collector. We performed linear scanning voltammetry (LSV)
using Li||Al cells. The acetal electrolytes showed no sharp
increase in leakage current below 4.4 V (Fig. 3e), which indicates
good stability with the Al current collector. The compatibility of
DMM and DEM with Al was similar to that of DEE and signifi-
cantly better than that of DME with 0.9 M LiFSI (ESI Fig. S12aft).
With 3 M LiFSI, all four electrolytes showed similar stability
with Al within the practical voltage range (ESI Fig. S12bf¥).

The oxidative stability of the acetal electrolytes was also
characterized by Li||Pt cells. The Pt working electrode is inert
and non-reactive. Therefore, electrolyte oxidation can be
captured without the passivation effect seen on the Al electrode.
The onset of rapid oxidation on Pt was around 4 V (versus Li'/Li)
for 0.9 M and 3 M LiFSI in DMM and was slightly lower for DEM
electrolytes (Fig. 3f). Significant oxidation occurred at a much
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lower voltage range on Pt compared to Al, which indicates
limited anodic stability of the acetal electrolytes despite good
passivation on Al. The acetal electrolytes showed worse anodic
stability on Pt compared to DME and DEE electrolytes with both
0.9 M and 3 M LiFSI (ESI Fig. S12c and df). Therefore, the acetal
electrolytes here are not compatible with high-voltage cathodes
(such as NMC, ESI Fig. S39+ and notes) but rather more suitable
with lithium iron phosphate (LFP).

Density, viscosity, and ion transport of HCEs

Considering the overall Li cycling stability and voltage toler-
ance, 3 M LiFSI/DMM and DEM appeared more suitable than
the 0.9 M electrolytes for the stable operation of LMBs. We
further evaluated the density and viscosity of 3 M acetal elec-
trolytes as low density and low viscosity are desirable for prac-
tical batteries. The density of 3 M acetal is measured to be lower
than that of 1-2 M fluorinated ethers (ESI Table S3%), which is
beneficial for the gravimetric energy density. The viscosity of 3
M acetals is lower than that of 3 M ethylene glycol ethers and
only slightly higher than that of 1-2 M fluorinated ethers (ESI
Table S371), which ensures facile wetting of the cathode and
separator.

The concentration-dependent ionic conductivity (¢) and
molar conductivity (A1) were measured (ESI Discussion 4 and
Fig. S131). Notably, in both DMM and DEM, 1.7 M and 2.4 M
electrolytes have higher 4 than 0.9 M electrolytes, which indi-
cates that ion transport is faster despite higher viscosity in more
concentrated solutions. We will further investigate this topic in
a separate publication. Overall, the ¢ of 3 M LiFSI/DMM is
similar to that of 3 M LiFSI/DME and DEE, and is higher than
that of 1.5 M LiFSI-1.2DME-3TTE and 1.2 M LiFSI/FADEE and
F5DEE (ESI Table S37). In contrast, 3 M LiFSI/DEM has a low g,
which limits the high-rate capability and stability.

In addition to o, transport number (¢) is an important
property that measures the current fraction under the steady
state (anion-blocking condition) relative to the initial state of
a Li||Li cell during chronoamperometry. With both 0.9 M and 3
M LiFSI in the nonfluorinated ethers, ¢, increases (DME < DEE <
DMM < DEM) as the solvation ability of the solvent decreases
(ESI Table S3t), which benefits the fast-charging capability.

The overpotential of Li||Li cells is a good indicator of ion
transport. The cells were cycled at 1 mA cm ™2 for 1 mA h cm ™2
(Fig. 4a and ESI S14at). The overpotential in 3 M LiFSI/DMM
was significantly lower (~22 mV after 50 cycles, ~30 mV after
800 cycles, and ~34 mV after 1200 cycles) than that of many
reported high-CE electrolytes.''”*" It was also lower than that
of 3 M LiFSI/DEE”® despite the sudden increase after 1500 hours.
The overpotential in 3 M LiFSI/DEM was the highest among the
three, and it increased more quickly. Electrochemical imped-
ance spectroscopy (EIS) indicated the SEI instability contributed
to the rapid increase in overpotential in 3 M LiFSI/DEM (ESI
Discussion 5, Fig. S15t).

The rate capability was further tested in Li||Li cells within
a current range of 1 mA cm ™2 to 10 mA cm ™2 (Fig. 4b and ESI
S14bt). Both 3 M LiFSI/DMM and DEE showed a gradual
increase in overpotential with current, whereas 3 M LiFSI/DEM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Voltage profiles of Li||Li cells. (a) Long-term cycling at a low current density. The zoomed-in voltage curves are provided in ESI Fig. S14a.t

The data of 3 M LiFSI/DEE were taken from ref. 9. (b) Cycling at 1 to 10

mA cm~2 with 10 cycles at each current density. The zoomed-in voltage

curves of the later cycles are provided in ESI Fig. S14b.T The data for all attempted cells are shown in ESI Fig. S36 and 37.}

showed a sharp increase in overpotential at 6 mA cm™> due to
poor ion transport. Notably, 3 M LiFSI/DMM exhibited over-
potentials of around 55 mV at 6 mA cm 2 and 85 mV at 10 mA
cm 2, which are among the lowest Li||Li overpotentials seen in
high-CE electrolytes. Overall, 3 M LiFSI/DMM showed great
promise for simultaneously achieving high CE and fast Li'
transport.

Full cell performance

The fast activation of CE, high average CE, fast ion transport,
and low overpotential make 3 M LiFSI/DMM a promising
candidate for anode-free LMBs with high-rate capability.
Commercial Cul||micro-LFP pouch cells (ESI Table S41) were
tested. At C/5, C/2 and 1C charge and 2C discharge, both the
DMM and DEM electrolytes achieved around 100 cycles before
80% capacity retention with good reproducibility (Fig. 5a-c).
The corresponding CEs were above 99% with small fluctuations
(ESI Fig. Si6a-cf), indicating good cycling stability. In
comparison to 1.2 M LiFSI/F4DEE and F5DEE," the DMM and
DEM electrolytes achieved similar cycle life with higher capacity
utilization at C/5 charge and better cycling stability at C/2 and
1C charge due to faster ion transport (ESI Fig. S17t). At 2C
charge, the capacity utilization was significantly higher in 3 M

© 2024 The Author(s). Published by the Royal Society of Chemistry

LiFSI/DMM than 3 M LiFSI/DEM (Fig. 5d) due to their difference
in ion transport, while CE remained stable in both electrolytes
(ESI Fig. S16dt). Notably, FADEE and F5DEE were selected as
the control here because they are among the best-performing
LiFSI/single-solvent electrolytes for Cu|LFP cells," whereas
DME and DEE were not cycled due to poor performance in the
preliminary screening in Li||Cu cells® (Fig. 3a). Additional
Cu||micro-LFP pouch cells were cycled at C/2 charge, 2.5C
discharge and 1C charge, 1C discharge rates (ESI Fig. S18e, f,
S19e and S20%). In all anode-free pouch cells above, cycle life
was most likely limited by Li inventory consumption since very
little overpotential increase with cycling was observed (ESI Fig.
$18 and 19%).

The relatively short cycle life in anode-free cells obscured the
difference in long-term stability. Therefore, thin-Li||micro-LFP
coin cells were also tested using a high-loading cathode
(nominally 3.6 to 4 mA h cm™?) and limited excess Li (50 or 20
pm thick) cycled at 0.6/1 mA em™> or 0.75/1.5 mA cm > charge/
discharge current densities (Fig. 5e-g and ESI S16e-gt). Under
the three testing conditions, 3 M LiFSI/DMM showed signifi-
cantly longer cycle life than 3 M LiFSI/DEM due to a higher CE
and more stable overpotential (ESI Discussion 67).
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Fig.5 LFP-based full cells cycled with 3 M LiFSI/DMM and 3 M LiFSI/DEM. (a—d) Anode-free Cul||micro-LFP pouch cells (ca. 210 mA hand 2.1 mA
hcm™2at C/3,2.5t03.65V, 0.5 mL electrolyte, 1C = 200 mA or 2 mA cm™2). cycled at various charge rates and 2C discharge rate. The first-cycle
charge rate was C/10. The 80% capacity retention line is based on the solid trace of 3 M LiFSI/DMM at the 2nd cycle. (e—-g) Thin-Li||micro-LFP
coin cells (3.6 to 4 mAh cm 2 at <C/10, 2.5 to 3.65 V, 40 pL electrolyte) with free-standing Li foil of 50 um (e and f) and 20 um (g) thickness cycled

at various current densities. Two activation cycles were carried out at O

3mA cm™2. The 80% capacity retention line is based on the solid trace of

3 M LiFSI/DMM at the 4th cycle. The corresponding CE values are shown in ESI Fig. S16.1 The data for every attempted cell are shown in ESI Fig.

S38.F

Limitations and future improvements

Despite the advantages of fast ion transport and good Li cycling
stability of 3 M LiFSI/DMM, the poor oxidation stability, low
boiling point, and high salt concentration necessitate further
improvement in the solvent design. Compared to ethylene
glycol ethers, acetal solvents clearly demonstrate superior
stability with the Li electrode. Therefore, by applying the
concept of controlling the position and degree of fluorina-
tion,""” we predict that the resulting fluorinated acetal solvents
may simultaneously achieve good stability with a high-voltage
cathode and Li anode, high boiling point, reduced flamma-
bility, and fast ion transport while maintaining lower salt

19812 | Chem. Sci, 2024, 15, 19805-19819

concentrations.®® A similar concept was recently applied to
diluent design.**

In addition, given the emphasis on fast charging in the
battery industry, the ion transport mechanism in these highly
non-ideal electrolytes deserves further investigation.””? In this
work, we demonstrated that a slight variation in solvent
molecular structure could drastically change electrolyte
conductivity and transport number, as well as their concentra-
tion-dependent trends. It is crucial to uncover the underlying
mechanism for these observations in order to address the slow
ion transport problem in many advanced electrolytes to date.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Finally, although we demonstrated the improved Li stability
of DMM and DEM electrolytes compared to the DEE electrolyte
(Fig. 3a), the detailed mechanisms for such improvement
remain unclear (ESI Discussion 7 and related Fig. S23-321). To
improve from the current >99% to the required >99.99% CE for
the Li electrode, further investigations are required to identify
the origin of small improvement among advanced electrolytes.
In particular, factors beyond SEI composition and structure
could be important.*»>°

Conclusion

We report solvent molecular conformation as an effective
design strategy in addition to fluorine substitution™ and steric
effects® to control Li" solvation. Due to hyperconjugation, DMM
and DEM adopt a [gauche, gauche] conformation, which makes
them monodentate ligands. This leads to weaker solvation of
Li" in acetals compared to ethylene glycol ethers. Consistent
with previous observations in the literature, such weakly
solvating electrolytes show improved Li CE. In particular, 0.9 M
and 3 M LiFSI/DMM reached >99% CE within 3 to 5 cycles under
our standard testing conditions, which is comparable to some
of the best fluorinated ethers.** In addition, 3 M LiFSI/DMM
showed low overpotentials of around 55 mV at 6 mA cm™ > and
85 mV at 10 mA cm > due to high conductivity and transport
number. The fast ion transport and good Li cycling stability of 3
M LiFSI/DMM were demonstrated in anode-free Cu||LFP pouch
cells as well as thin-Li||LFP coin cells. Various cell conditions
and cycling procedures were used to discern the effects of ion
transport, CE, and impedance growth on full-cell cycle life.
Overall, we demonstrate that acetal structure is a promising
alternative to ethylene glycol ether structure for LMBs. Indeed,
more recently, a fluorinated acetal was reported to enable high
CEs and stable full-cell cycling even under the practical condi-
tions of fast charge and slow discharge.*

Despite the improved cycling stability of acetal solvent for Li
metal compared to ethylene glycol ether, their poor oxidation
stability, low boiling point, and high salt concentration neces-
sitate further improvement in the solvent design.***® This work
offers a starting point for further design and optimization of
molecular analogues. Furthermore, we found the slight varia-
tions in solvent molecular structure could drastically change
ion transport properties. It is crucial to investigate the ion
transport mechanism to overcome the problem of slow ion
transport in LMB electrolytes.” Finally, future work is needed to
identify the origin of the small improvement in CE above 99%.
Factors beyond the extensively investigated SEI composition
and structure could be fructuous.

Methods

Materials

DME (anhydrous, 99.5%, inhibitor-free) and DEM (anhydrous,
99%) were purchased from Sigma-Aldrich. DEE (99%, ACROS)
and DMM (99.5%) were purchased from Fisher Scientific. LiFSI
was purchased from Arkema. The Celgard 2325 separator (25
thick, polypropylene/polyethylene/polypropylene)

pum was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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purchased from Celgard. The Cu current collector (25 um thick)
was purchased from Alfa Aesar. Free-standing lithium foil (600,
50 and 20 pm) was purchased from MSE Supplies. 2032-type
battery casings, stainless steel spacers, springs and Al-clad coin
cell cases were purchased from MTI. Micro-LFP cathode sheets
were purchased from Targray. Anode-free Cu|/micro-LFP pouch
cells were purchased from Li-Fun Technology.

Solvent purification

DEE was purified by vacuum distillation over sodium hydride.
DME, DMM and DEM were not distilled. Fresh Li foil was added
to the solvents in the glovebox to further remove trace amounts
of water.

Electrolyte preparation

Electrolytes were prepared by dissolving 1 mmol or 4 mmol of
LiFSI per mL of solvent. The accurate molarities were calculated
based on densities of the electrolytes, which account for the
volume change upon salt dissolution.

Electrochemical measurements

2032-type coin cells with a Celgard 2325 separator were used for
most electrochemical measurements unless indicated other-
wise. Battery fabrication was carried out in an Ar-filled glovebox.
Thick Li foil (600 pm, 1 cm?) and 40 pL of electrolyte were used
unless otherwise specified. Electrochemical tests were carried
out on Land, Arbin and Biologic systems.

The oxidation stability of electrolytes was characterized by
linear sweep voltammetry on Li||Al and Li||Pt cells using Bio-
logic MPG2. The voltage was swept from open-circuit voltage to
7 Vvs. Li'/Li at a rate of 1 mV s~". The leakage current density
was calculated based on a working-electrode area of 2.11 em?.

Coulombic efficiencies were measured by a modified Aur-
bach method®® on Li||Cu cells at ambient temperature, 0 °C or
—20 °C. The Cu surface was conditioned by plating 5 mA h cm ™2
of Li and stripping to 1 V. Then, a Li reservoir of 5 mA h cm™
was plated onto Cu, followed by 10 cycles of Li plating and
stripping at 1 mA h em 2. Finally, all Li on Cu was stripped to 1
V. The current density was 0.5 mA cm ™2 for all steps.

For the long-term cycling of Li||Cu cells, the Cu surface was
conditioned by holding at 10 mV vs. Li*/Li for 5 hours, and then
cycling between 0 and 1V at 0.2 mA em™> for 10 cycles. During
subsequent cycling, 1 mA h ecm™? of Li was plated onto Cu and
was then stripped to 1 V at 0.5 mA cm ™.

Li||Li symmetric cells were cycled at 1 mA ecm > for 1 mA h
cm~> In some cells, electrochemical impedance spectroscopy
was carried out every 120 cycles to track the evolution of cell
impedance. In addition, Li||Li cells were also cycled for 1 mA h
cm~? with a stepwise increase in current density every 10 cycles
from 1 mA cm > to 10 mA cm ™. Some Li||Li cells were also
cycled at —20 °C at 0.5 mA cm ™ * and 1 mA h cm ™ for 10 cycles.

Li||LFP coin cells were assembled using 50 or 20 um free-
standing Li and 40 pL of electrolyte. Al-clad cathode cases were
used. Al foil was placed inside the cathode cases to avoid defects
in the Al cladding. A high-loading micro-LFP cathode was used.
The cells were cycled between 2.5 and 3.65 V. Two activation

2
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cycles were carried out at 0.3 mA cm ™2, which produced second-
cycle discharge capacities between 3.6 and 4 mA h cm™? due to
slight variations in the cathode loading. Long-term cycling was
carried out at 0.6/1 mA cm > or 0.75/1.5 mA cm > charge/
discharge current densities.

Anode-free Cul||micro-LFP dry pouch cells were factory
manufactured (ca. 210 mA h and 2.1 mA h cm™? at C/3). The
electrolyte (0.5 mL) was injected and the pouch was re-sealed
under vacuum. Vises and polycarbonate plates were used to
apply ca. 1000 kPa pressure to the pouch cells. The cells were
cycled under ambient temperature between 2.5 and 3.65 V at
various charge and discharge rates (1C = 200 mA or 2 mA cm ™ 2).
The first-cycle charge rate was C/10.

Ionic conductivities were measured by electrochemical
impedance spectroscopy. A Swagelok-type cell with symmetric
stainless-steel electrodes and without separator was used to
measure the intrinsic electrolyte conductivity at ambient
temperature. 2032-type coin cells with symmetric stainless-steel
electrodes and a Celgard 2325 separator were used to measure
the temperature-dependent ionic conductivity in the presence
of a separator.

Transport number was measured by the Vincent-Bruce

method in Li||Li symmetric cells with a modified procedure.”
The interface was stabilized by 5 cycles at 0.5 mA cm™> for 1 mA
h ecm 2. Chronoamperometry (CA) was carried out at 10 mV
until a steady-state current was achieved. EIS was carried out
before and after the CA step to account for changes in interfacial
resistance.
The measurement of AE(I;EK/ Y was previously developed by
our groups.** The home-made apparatus consisted of three
chambers, each containing a different electrolyte (test, refer-
ence or salt-bridge electrolyte), and two porous junctions that
separate the three chambers. Four layers of Celgard 2325
separator were used as the porous junction. Two pieces of fresh
lithium foil were used as electrodes. The cell voltage was
measured using a Biologic VMP3. The voltage was recorded
after stabilization, which typically takes up to three minutes.

The non-isothermal measurement of electrode potential
temperature coefficients was previously developed by our
groups.”® An H-cell with a porous frit was used. Two pieces of
fresh lithium foil were used as electrodes, and the same elec-
trolyte was used on both sides. A thermocouple (Omega,
HSTCTT-K-24S-36) was installed in each half cell adjacent to the
electrode surface to measure the temperature of the electrolyte/
electrode interface using a temperature scanner (Omega,
DP1001AM). A Kapton heater was wrapped around one side of
the H-cell to provide uniform heating. During the measure-
ment, the heating power was adjusted using a potentiostat
(BioLogic VMP3). For each heating power set point, the stabi-
lized temperature and open-circuit voltage were recorded.

Materials characterization

NMR was performed on a Varian 400 MHz spectrometer at 25 ©
C. The Yoy coupling constants of the anomeric CH, group of
DMM, DEM, and DOL were extracted from 1D "H NMR spectra
at various LiFSI and LiTFSI concentrations. Li pulsed field
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gradient (PFG) measurements were performed to determine the
self-diffusion coefficients of Li' using a dbppste_cc pulse
sequence. The array of gradient strength was set to 2.908 to
12.504 G cm™ " with 12 linear steps. Appropriate diffusion delay
(4) and gradient pulse duration () were selected to ensure
sufficient signal decay. Self-diffusion coefficients were calcu-
lated by fitting peak integrals to the Stejskal-Tanner equation.

Raman spectra were collected on a Horiba XploRA+ confocal
Raman microscope with a 532 nm excitation laser. The elec-
trolytes were sealed under argon in quartz cuvettes.

Viscosity measurements were carried out using an Ares G2
rheometer (TA Instruments) with an advanced Peltier system at
25.0 °C.

Differential scanning calorimetry was carried out on a TA
Instruments Q2500. Aluminum hermetic pans were used. The
temperature was scanned to 25 °C first, followed by cooling to
—75 °C and then heating. The ramp was 10 °C min ' for all
steps.

The physical state of electrolytes was observed after equili-
brating for at least 2 hours at 0 °C, —20 °C and —80 °C in
a temperature chamber or freezer.

The surface morphology of Li was imaged using an FEI
Magellan 400 XHR scanning electron microscope. In Li||Cu
cells, the Cu electrode was pre-conditioned by holding at 0.01 V
for 5 hours, and then cycling between 0 and 1 V at 0.2 mA cm >
for 10 cycles. Li was deposited on Cu at 0.5 mA cm > for 0.5 mA
h ecm ™2 After deposition, the cells were disassembled, and the
electrodes were rinsed with 80 pL of the corresponding pure
solvents. The Li deposition morphology at 0 °C and —20 °C was
also imaged after depositing Li at 0.5 mA cm > for 5 mA h cm ™2
in Li||Cu cells. In addition, Li electrode morphology in Li||Li
cells cycled at —20 °C was characterized (0.5 mA cm > and 1 mA
h em™2 for 10 cycles).

The Li deposition morphology in the presence of an rSEI was
imaged using an FEI Magellan 400 XHR scanning electron
microscope. The Li||Cu cells were pre-conditioned at 0.2 mA
cm 2 between 0 and 1V for 10 cycles, followed by 10 cycles at 0.5
mA cm ? and 1 mA h cm ™2 plating and 0.5 mA cm ™ stripping
to 1 V to form an rSEL In the final step, 0.1, 0.5 or 1 mA h cm ™2
capacity was plated at 0.5 mA cm > The Cu electrodes were
rinsed with 80 uL of the corresponding pure solvents before
imaging. Alternatively, the 50 pm-Li||thick-Li cells were pre-
cycled at 0.4 mA cm ™ for 2 cycles, followed by 10 cycles at 0.4 or
4 mA cm? plating and 4 mA cm ™ ? stripping, with 4 mA h cm ™2
in each step to form an rSEI In the final step, 0.2, 1 or 4 mA h
ecm™? capacity was plated at 0.4 or 4 mA cm . The 50 um-Li
electrodes were rinsed with 80 pL of the corresponding pure
solvents before imaging.

The cross sections of the rSEI were imaged using an FEI
Helios NanoLab 600i DualBeam SEM/FIB. Li||Cu cells were
cycled at 0.5 mA cm ™ for 1 mA h em™> for 10 cycles. The active
Li was stripped in the final step, leaving the rSEI on the Cu
substrate. An air-free transfer vessel was used. Pt was deposited
to preserve the top surface of the rSEI. Cross sections were
prepared by a Ga* ion beam.

A ThermoFisher Titan 80-300 environmental transmission
electron microscope at an accelerating voltage of 300 kv and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a Gatan 626 side-entry holder were used for cryo-TEM and cryo-
EDS experiments. Cryo-TEM sample preparations prevent air
and moisture exposure and reduce electron beam damage, as
described previously.””® The TEM is equipped with an aberra-
tion corrector in the image-forming lens, which was tuned
before imaging. Cryo-TEM images were acquired using a Gatan
K3 IS direct-detection camera in the electron-counting mode.
Cryo-TEM images were taken with an electron dose rate of
around 100 e~ A~2 s, and a total of five frames were taken with
0.1 s per frame for each image. The samples were prepared by
depositing 0.2 mA h of Li on a bare Cu grid at 1 mA cm 2.

A PHI VersaProbe 3 XPS with a monochromatized Al(Ka)
source (1486 eV) and focused ion gun was used to characterize
SEI compositions after cycling. An air-tight vessel was used to
transfer samples without exposure to air. The samples were
sputtered for 1 min to get rid of adventitious carbon. Li||Cu cells
were first pre-conditioned at 0.2 mA cm ™2 between 0 and 1 V for
10 cycles, followed by 10 cycles at 0.5 mA cm ™~ plating for 1 mA
h em™? and 0.5 mA ecm ™2 stripping to 1 V. The fully stripped Cu
electrodes were rinsed with 80 uL of the corresponding pure
solvents before XPS.

Theoretical calculations

Density functional theory (DFT) with the hybrid exchange-
correlation functional B3LYP”” with the Becke-Johnson damp-
ing scheme (D3BJ)™®”® was applied for the geometry optimiza-
tion, and all DFT calculations were performed with the def2-
TZVP basis set® using the ORCA package.®*

MD simulations were carried out using Gromacs 2021.3 (ref.
82) with the general amber force field (GAFF).** Topology files
were generated using ACPYPE,* and the atomic partial charges
were calculated by the restrained electrostatic potential (RESP)
fitting approach in antechamber 22.0,% where the quantum
mechanical molecular electrostatic potential was computed by
Gaussian16 at the B3LYP/6-311** level.*® To improve the accu-
racy of the non-polarizable force field, partial charges for
charged ions were scaled by factors ranging from 0.6 to 0.72 to
account for electronic screening. The scaling factors were
adjusted to match the diffusion coefficients measured by the
experiments (ESI Table S2+).

To compute the diffusivity coefficient through the NVT
molecular dynamics simulations, molecular dynamics was first
equilibrated for 2 ns using the Parrinello-Rahman barostat at
a reference pressure of 1 bar. The simulation size box for the
following NVT simulations was determined by the average size
in the last 1 ns. After that, a 2 ns equilibration step was followed
by 80 ns production run with a fixed volume. The Nosé-Hoover
thermostat was used throughout with a reference temperature
of 300 K. The particle mesh Ewald method was used to calculate
electrostatic interactions, with a real space cutoff of 1.0 nm and
a Fourier spacing of 0.16 nm. The Verlet cutoff scheme was used
to generate pair lists. A cutoff of 1.0 nm was used for non-
bonded Lennard-Jones interactions. Periodic boundary condi-
tions were applied in all directions. Bonds with hydrogen atoms
were constrained. The trajectories of the production run were
used for the analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The visualizations were generated with VMD.* Solvation
shell statistics were calculated using the MDAnalysis Python
package®® by histogramming the observed first solvation shells
for lithium ions during the production simulation, using
a method similar to that in previous work."»"” The cutoff
distance for each species in the first solvation shell was calcu-
lated from the first minimum occurring in the RDF (referenced
to lithium ions) after the initial peak. The average numbers of
coordinating species in the solvation shell of Li* were calculated
by counting (1) solvent molecules and anions and (2) oxygen
atoms on solvent molecules and anions. Their ratio was taken
as a rough indicator of coordination denticity.
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