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ABSTRACT: Fluorination of electrolytes has been a widely used
strategy to enable stable cycling in lithium metal batteries.
However, a move toward fluorine-free electrolytes is desirable
given the safety and environmental concerns surrounding
fluorinated materials. Designing these electrolytes requires a
comprehensive understanding of bulk electrolyte and interfacial
properties in the absence of fluorine, particularly the solvation
structures surrounding Li* and the solid electrolyte interface (SEI)
composition. Among fluorine-free Li salts, lithium nitrate (LiNO,)
is often used to obtain highly ion-conductive SEI components.
However, its poor ion dissociation and rapid consumption upon
freshly plated lithium currently hinder its use as the main
electrolyte salt. Herein, we show that the modification of Li*
inner solvation structures by employing lithium bis(oxalato)borate

synergistically improves both bulk Li" transport and SEI properties.
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(LiBOB) as the secondary salt in LiNO,/diglyme electrolytes
It significantly enhances ion dissociation, which increases the

ionic conductivity of the electrolyte despite an increase in its viscosity. Furthermore, the presence of LiBOB-derived outer SEI
components over the LiNO;-derived ion-conductive inner SEI layer results in low-surface-area Li deposits and lower Li*/anion
consumption during cycling. The dual-salt fluorine-free electrolyte enables stable, long-term cycling in Li/Cu cells for >700 cycles
and shows promising capacity retention in Li/LFP full cells at ambient temperature. Our work highlights the importance of tuning
the Li" solvation structures for optimizing bulk and interface properties in fluorine-free electrolytes and presents a viable pathway
toward the development of greener electrolytes for lithium metal batteries.

B INTRODUCTION

Lithium metal batteries (LMBs) have been subjected to
significant research and commercial interest over the past two
decades, owing to the promise of improved cell-level energy
densities when employing lithium metal as the anode." A major
challenge in realizing LMBs has been stabilizing lithium plating
and stripping, particularly due to the (electro) chemical
instability of Li metal in traditional carbonate electrolytes and
dendritic metal growth at moderate to high current densities.”’
However, a reasonable amount of success has been achieved by
modifying the fluorine content in electrolytes, either by
changing the salt,* having fluorinated cosolvents/ additives,”™’
fluorinating traditional solvents,”” and having fluorinated
diluents."”~"* The improved Li metal stability in these reports
is often attributed to the LiF-rich SEL* while the use of
fluorinated solvents/cosolvents was also shown to additionally
improve the chemical stability of the SEI” and the electro-
chemical stability windows for electrolytes that would
otherwise be unstable at high \7oltages.8’9

However, the fluorination of battery electrolytes gives rise to
several environmental and safety hazards. Several fluorinated
components in batteries, including electrolyte salts, such as
LiTFS], and hydrofluoroether diluents used in localized high-
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concentration electrolytes, are perfluoroalkyl substances
(PFAS), which are compounds with multiple F atoms attached
to an alkyl chain. Thanks to the robust C—F bond, these
compounds are extremely durable'* but also very difficult to
recycle. Exposure to PFAS materials has been linked to a range
of health disorders in animals and humans, including
cancer,'>'® and therefore, several global organizations,
including the European Union, have proposed a ban on the
use of PFAS materials.'” Besides PFAS, several other
fluorinated materials such as LiPF4 and FEC are known to
produce toxic hydrogen fluoride (HF) during cycling and in
substantially higher amounts during accidents such as battery
fires."® Another factor to be considered here is the cost, as
fluorinated salts, solvents, and diluents are more expensive
compared to their nonfluorinated counterparts (Figure S1),
putting their commercial feasibility into question. Therefore,
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while fluorinated electrolytes possess several benefits, moving
toward cleaner and safer fluorine-free electrolytes is highly
desirable. Furthermore, growing evidence suggests that fluorine
may not be indispensable to high Li plating/stripping
efficiencies. Recent reports have shown that LiF does not
form a continuous passivation layer in the SEI of fluorinated
electrolytes and could be acting as an indirect SEI/inert block
that can stabilize Li electrodeposition by increasing Li* surface
diffusivity or homogenizing the Li* diffusion field gradient."”°
Lithium oxide (Li,O), typically also found as an SEI
component in most high-performance LMB electrolytes, is
more ionically conductive than LiF*' and has been shown to
form a continuous layer in high-Coulombic-efficiency (CE)
electrolytes. A recent study by Hobold et al. also suggested that
the CEs in LMBs correlate much better with the Li,O content
in the SEI than the LiF content, and the nature of Li,O layers
in the SEI dictates the CE. A high Li,O content in the SEI,
therefore, could be a crucial factor in the design of highly
efficient F-free electrolytes.””

LiNOs; is an inexpensive salt additive often used in high-CE
electrolytes for LMBs and is known to preferentially reduce to
form a highly conducting interphase consisting of Li,O and
Li;N.”*** However, its use as the main electrolyte salt has been
hindered by several challenges. LiNO; possesses a high donor
number (~22) and is, as a result, poorly soluble in most
traditional solvents, including carbonates.”*** Studies employ-
ing LiNOj; as the main salt, therefore, use high-donor-number
solvents such as diethylene glycol dimethyl ether (diglyme,
G2),”**” triethyl phosphate (TEP),”**’ and dimethyl sulfoxide
(DMSO).** Moreover, solvated LiINO, can still retain strong
Li'—=NO;" interactions, leading to significant ion pairing and
aggregation. If not sufficiently overcome, then this negatively
influences Li* dissociation and the ionic conductivity of the
electrolyte. LINO; can also react with freshly deposited Li
metal every cycle, resulting in its rapid consumption.”’
Strategies used to enable LiNO; as the main salt in LMB
electrolytes typically involve the use of fluorinated materials.
These include the use of “film-forming” additives such as
fluoroethylene carbonate (FEC),”***” inclusion of a secondary
salt,”” and employing polymerization inhibitors such as
hexafluoroisopropanol.”™ More recently, “fluorine-free” strat-
egies employing LiNO; and an additional salt have also been
reported for Li metal batteries.””""

In the context of fluorine-free electrolyte design, particularly
for LiNOj-based systems, it is essential to arrive at a
comprehensive understanding of their bulk transport proper-
ties and interfacial stability with Li metal. Both these aspects
are influenced by the Li* solvation environment, particularly
the inner solvation sheath, and elucidating its structure is
crucial to understanding the changes to the electrolyte upon
cosalt/solvent addition.”” Furthermore, the surface area of the
Li deposits formed can also strongly influence the durability of
these electrolytes. While the Li,O/Li;N-containing SEI derived
from LiNO; is expected to display high Li* conductivity, the
mechanical fragility of this SEI could lead to fresh Li
deposition in every cycle, increasing the overall Li surface
area. The strongly oxidizing nature of the NO;™ ion leads to its
reactivity with this fresh Li and its consumption.””” Here,
modulating the depthwise composition of the SEI using
suitable additives could be a strategy to influence both the
mechanical stability of the SEI and the surface area of Li
deposition.

In this work, we design LINO;-based fluorine-free electro-
lytes for LMBs and elucidate the effects of lithium
bis(oxalato)borate (LiBOB) as a secondary salt in synergisti-
cally altering both the bulk ion transport in the electrolyte and
the interfacial stability with Li metal. The changes to the ion
transport properties and the solvation structures in these
electrolytes are studied using spectroscopic techniques and
molecular dynamics (MD) simulations. The resulting differ-
ences in the lithium microstructure and its SEI composition are
elucidated through operando NMR and ex situ character-
ization. We show that the relative increase in LiBOB content
significantly alters the Li* inner solvation structures, which in
turn increases the degree of ion dissociation, leading to higher
ionic conductivities. Furthermore, this also changes the SEI
composition, resulting in uniform, low-surface-area Li deposits
and leading to lower Li*/anion consumption into the SEI
(with cycling) and prolonged cycle life. We demonstrate that
such a dual-salt fluorine-free electrolyte achieves stable cycling
in Li/Cu cells for over 700 cycles and shows promising
capacity retention in Li/LiFePO, (LFP) full cells with
commercial active mass loadings (86.7% after 100 cycles) at
ambient temperature. Our work provides key insights into the
composition-dependent ion dynamics and Li interface proper-
ties in LiNOj-based ether electrolytes and presents a viable
pathway for the development of safe, room-temperature
fluorine-free electrolytes.

B RESULTS AND DISCUSSION

Choice of Salts, Solvents, and Salt Concentration. The
choice of constituents for LiNO;-based fluorine-free electro-
lytes in this study is based on the expected ion transport
properties, electrochemical stability, and safety. Among the
high-donor-number solvents suitable for LiNO;-based electro-
lytes, diglyme (G2) presents a good balance of solvent
properties: a high donor number (~24),”* a higher flash point
compared to common battery electrolyte solvents (57.3 °C),
and a moderate viscosity (~1 cP at 20 °C).>* While increasing
the salt concentration to generate anion-derived SEI on lithium
is a well-known strategy to boost CEs in ether electrolytes,
excessively high salt concentrations could detrimentally affect
the ion transport properties of the electrolyte, lowering the
room-temperature conductivity. We chose an overall salt:-
solvent molar ratio of 2.4:7 (with 7 mol of diglyme
corresponding to about 1 L of diglyme at 25 °C) based on
the ion transport properties previously reported for LiNO;/
diglyme-based electrolytes at similar concentrations.”®

As previously discussed, a stable SEI that can regulate Li*/
anion reactivity with the Li metal is crucial for the long-term
stability of these electrolytes. In this regard, the incorporation
of LiBOB as the secondary salt is particularly interesting.
LiBOB, a noncorrosive, halogen-free salt, has previously been
looked at as an alternative to LiPF in Li-ion batteries®® and
shows similar properties such as passivation of both the
graphite anode and Al current collector.””** While its room-
temperature ionic conductivity as a standalone electrolyte salt
is limited, it displays enhanced temperature stability.’**°
Additionally, the choice of solvent (diglyme) and salts
(LiNOj and LiBOB) results in reduced flammability (i.e., no
flammability observed for S s) for these electrolytes in
comparison to standard carbonate-based electrolytes such as
1 M LiPF4 in EC:DMC (1:1 vol %) hereafter referred to as
LP30 (Figure S2) and electrolytes based on low-flash-point
ethers like dimethoxyethane (DME). To elucidate the effect of
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LiNO;/LiBOB salt ratios on bulk electrolyte properties and
interfacial stability with Li metal, we investigated three distinct
salt ratios, and the details of their composition are provided in
Table 1.

Table 1. Electrolytes Studied and Their Compositions®

total

electrolyte LINO; LiBOB diglyme  density at 25  molarity
name (mol)  (mol) (mol) °C (g cm™) M)
2.4LN-OLB 2.4 0 7 1.03 2.24
2LN-0.4LB 2 0.4 7 1.08 2.24
1.2LN-1.2LB 1.2 1.2 7 1.11 2.12

“Molarities were calculated based on density measurements at 25 °C.
LN stands for LiNO; and LB for LiBOB.

Changes to Bulk Transport Properties and Solvation
Structure. The addition of LiBOB to the fluorine-free
electrolyte is expected to proportionately increase its viscosity
owing to the higher presence of the bulkier BOB™ anion.
Indeed, we observe that the dynamic viscosity of the
electrolytes rises from 9.1 cP for the 2.4LN-OLB electrolyte
to 14.4 cP for the 1.2LN-1.2LB electrolyte at 20 °C (Figure 1a,
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Figure 1. Physical characterization of F-free electrolytes: (a) Viscosity
and (electrochemical) ionic conductivity of the electrolytes at 20 °C.
Error bars for viscosity indicate 95% confidence intervals for the
values obtained through least-squares linear extrapolation to zero
stress. Error bars for conductivity represent the standard deviation of
replicate cells. (b) Walden plot for the electrolytes along with the
“ideal KCI” line.

additional temperatures shown in Figure S3a). The pulsed field
gradient (PFG) NMR results (Figure S3b, errors from fit
uncertainty tabulated in Tables S1 and S2) also show a
decreasing trend for both Li (Li) and solvent ("*C
corresponding to the solvent peak “b” at ~71 ppm, shown in
Figure S4) self-diffusivities with an increasing LiBOB
concentration. However, while the solvent self-diffusivities
are higher for all of the studied salt concentrations, the relative
Li diffusivity, Dy;/Dg, increases from 0.37 for the 2.4LN-OLB
electrolyte to 0.48 for the 1.2LN-1.2LB electrolyte (at 25 °C),
which suggests changes in Li* ion transport properties with an
increasing BOB™ content.

In contrast to the viscosity/self-diffusivity trends, the
electrochemically measured total ionic conductivity of the
electrolytes, sensitive to the charge carrier concentration in the
system, shows a significant increase with the increasing LIBOB
content, i.e., from 1.2 mS cm™" for the 2.4LN-OLB electrolyte
to 40 mS cm™" for the 1.2LN-1.2LB electrolyte at 20 °C
(Figure la), which further increases to 8.9 mS cm™" at 60 °C.
Figure 1b shows a Walden plot (a log—log plot of molar ionic
conductivities against dynamic viscosities at different temper-
atures) for the F-free electrolytes for a temperature range of
20—60 °C. Here, the resulting plot lines are compared with the
“ideal KCI” line resulting from a 1 M aqueous solution, to
roughly estimate the “ionicity” of the electrolytes.””~** Ionicity
is a measure of the extent to which ionic self-diffusion
contributes to ionic conductivity and provides an estimate of
ion dissociation, with the “ideal KCI” line representing a fully
ion-dissociated system.”” A low ionicity of 5.13% is obtained
for the 2.4LN-OLB electrolyte, and this value significantly
increases with the amount of LiBOB in the system, ie., to
16.6% for the 2LN-0.4LB electrolyte and to 28.8% for the
1.2LN-1.2LB electrolyte (calculation methodologies discussed
further in Supporting Information Note 1).

For anions with a high Lewis basicity/donor number such as
NO;~, Li*—anion bonds typically possess high dissociation
energies, resulting in low ion dissociation in concentrated
glyme solutions.*’ We observe that the addition of LiBOB into
these systems results in higher ion dissociation, which is likely
a combined effect of easier LiBOB salt dissociation and
weakened Li*—NO;~ interactions. We investigate this
mechanism further by experimentally and computationally
studying the changes in the Li" solvation structure. The
chemical structures and the corresponding -electrostatic
potential surfaces for the species present in the investigated
system are shown in Figure 2a, which indicates the stronger
electron-withdrawing nature of the coordinating oxygens in
NO,” compared to those in BOB™ and diglyme. With "Li
NMR (Figure 2b), an upfield shift (i.e, a shift to lower ppm
values) is observed with an increasing LiBOB content (from
—0.025 ppm for the 2.4LN-OLB electrolyte to —0.58 ppm for
the 1.2LN-1.2LB electrolyte). The upfield shift indicates a
higher shielding due to increased Li* coordination from less
electron-withdrawing groups, in this case BOB™ ions and/or
diglyme molecules. The '’O NMR measurements conducted at
40 °C (Figure 2c, spectra over a wider chemical shift range
shown in Figure S6) show an increased broadening of the
peaks corresponding to diglyme oxygens (denoted as “a” and
“b”) a small upfield shift of the peaks (—21.7 to —23.8 ppm for
environment “a”) indicating a higher electron density around
the diglyme oxygens with an increasing LiBOB content, both
of which suggest an increase in the coordination of diglyme
with Li*, leading to lower solvent mobility. The increased
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Figure 2. Investigation of solvation structures in fluorine-free glyme electrolytes: (a) Chemical structures and electrostatic potential (ESP) surface
maps of NO;~, BOB™, and diglyme. (b) "Li NMR at 25 °C. (c) Zoomed inset of 7O solution NMR at 40 °C. (d) Raman spectra for electrolytes
and diglyme in the region corresponding to CH, rocking and C—O—C stretching vibrations. (e) Raman spectra for electrolytes and LiNO; in the

region corresponding to NO;™~ stretching vibrations.

shielding of diglyme oxygens with LiBOB incorporation is also
evident from the *C NMR results (Figure S4), where the '*C
environments adjacent to the oxygens also show a similar
upfield shift. These trends are also reflected in the Raman
spectroscopy results for the 775—925 cm ™' region correspond-
ing to CH, rocking and C—O—C stretching vibrations in
glymes (Figure 2d, spectra over a wider range shown in Figure
§7).*%** For all the F-free electrolytes, in addition to the “free”
glyme environment at around 803 and 850 cm™', additional
“bound” glyme peaks corresponding to coordination with alkali
metal cations emerge at 840 and 877 em™,*® with the amount
of “bound” diglyme increasing from 2.4LN-OLB to 1.2LN-
1.2LB electrolytes. Furthermore, in comparison to solid
LiNO;, the peak corresponding to NO;™ stretching vibrations
at 1069 cm™ shifts to a lower wavenumber of around 1039
' upon dissolution (Figure le). For the 1.2LN-1.2LB
electrolyte, however, an additional shoulder feature emerges at
a lower wavenumber of 1033 cm™!, which could indicate an
increased heterogeneity of the NO; -containing solvation
structures. Both the NMR and Raman results indicate more
competitive Li* solvation upon LiBOB incorporation, which
could explain the higher ionicity compared to that of the
2.4LN-OLB electrolyte (Figure 1b).
Molecular dynamics (MD) simulations were performed to
obtain a deeper understanding of the solvation structure

46011

changes upon the LiBOB introduction. The radial distribution
functions (RDF) together with oxygen coordination number
analysis (Figure 3a,b) show that at low LiBOB contents, Li* is
predominantly coordinated by the NO;~ species. As the
LiBOB concentration increases, the average first-shell coordi-

nation number of NO; drops from 3.21 to 1.48, while the
contributions from BOB™ and diglyme grow. Notably, the total
anion coordination of Li* (both NO;~ and BOB~) remains
approximately the same, suggesting that the inner solvation
sheath of Li" is anion-dominated across all three electrolytes.
The unchanged position of the first Li*-NO;~ RDF peak, upon
adding LiBOB, can be attributed to the smaller size of the
NO;™ anion, which allows it to pack more closely around the
Li* ion compared to the larger BOB™ anion. Although NO;~
can approach Li* at the same distance, it appears less

frequently in the first shell when BOB is present, indicating
weaker Li*—NO;~ coordination.

Looking at the possible solvation structures (Figure 3c—e,
simulation boxes shown in Figure S8, and detailed lists of all
simulation structures provided in Figure S9), it is clear that the
solvation structures are predominantly anion-rich in all three
cases. However, increasing the relative amount of LiBOB in the
electrolyte results in higher participation of BOB™ in the inner
solvation structure, as indicated by the dominant solvation
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Figure 3. Molecular dynamics (MD) analysis of fluorine-free electrolytes. Top: radial distribution function (RDF) (solid line) and coordination
number (CN) (dashed line) between Li* and surrounding molecules and ions in (a) 2.4LN-0LB and (b) 1.2LN-1.2LB electrolytes. The CN of Li*-
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, while for the other two, the ratios indicate Npgyme: Npop— Nyo,™

structures, and higher diversity of solvation structures, as
indicated by the pie charts.

While these results suggest that the inner solvation
structures remain anion-dominated for the investigated
NO;”/ BOBT ratios, the addition of steric BOB™
the inner solvation sheath, coupled with the progressive
increase in the heterogeneity of solvation structures (which

ions into

increases the configurational entropy of the system),

suggested to be contributing to the overall decrease in Li"
coordination by NO;~ and more competitive solvation by
BOB™and diglyme. This explains the increase in Li*—diglyme
coordination strength as indicated by Raman and '’O NMR
results and also the drop in solvent diffusivity, as seen with
PFG-NMR and further confirmed by the mean square
displacement (MSD) results (Figure S8). More importantly,
the decrease in Li*—NO;~ ion pairing also leads to observed
higher ion dissociation and higher ionic conductivity. There-
fore, the inclusion of LiBOB in the system, despite causing a
reduction in the bulk self-diffusion properties, results in
synergistic improvements to Li" transport in the electrolyte,

46012

rendering it suitable for application in room-temperature
lithium metal batteries.

Lithium Plating/Stripping in Li/Li and Li/Cu Cells. The
changes to Li" solvation in LiNO;/diglyme electrolytes with
LiBOB addition are expected to impact both the rate capability
and stability against Li metal. To understand these better, we
evaluated the electrochemical performance of these fluorine-
free electrolytes in Li—Li and Li/Cu cells. The kinetics of Li
plating/stripping in liquid electrolytes is dictated by the
exchange current density at the Li/electrolyte interface, which
practically depends on both Li* desolvation (related to bulk
conductivity) and Li* conductivity through the SEL** Figure
4a shows the Tafel plots extracted from the fifth cyclic
voltammetry (CV) scan conducted in Li/Li cells (at a rate of
0.5 mV s™', CV scans shown in Figure S10). Here, the highest
pseudoexchange current density, j.,» (which includes SEI and
surface area change contributions) ¥ is observed for the 2LN-
0.4LB electrolyte (0.80 mA cm™2), followed by 1.2LN-1.2LB
(0.28 mA cm™) and 2.4LN-0LB (0.12 mA cm™?) electrolytes.

However, for long-term stability, we observe a different
trend for the Li/Li cells cycled at 1 mA cm™ and 1 mAh cm™
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Figure 4. Electrochemical performance in Li/Li and Li/Cu cells: (a) Tafel plots extracted from the Sth cyclic voltammetry scan performed in Li/Li
cells (at 0.5 mV s™'). Pseudo-exchange current density, j.,* in mA cm™> for the electrolytes, is indicated on the left. (b) Voltage profiles of Li/Li
cells at 1 mA cm™ (capacity, 1 mAh cm™). (c) Voltage measurements in Li/Cu cells at 0.5 mAh cm™ and 1 mAh cm™ with a reservoir plating of
5 mAh cm™. (d) Coulombic efficiency measurements in Li/Cu cells at 0.5 mAh cm™ and 1 mAh cm™ without reservoir plating. (e) Voltage
profiles of Li/Cu cells (0.5 mA cm™; capacity, 1 mAh cm™) at the 10th, 25th, and 50th cycles for the 2.4LN-OLB electrolyte. Voltage profiles of
Li/Cu cells at the 10th, 200th, and 425th cycles are provided for (f) 2LN-0.4LB and (g) 1.2LN-1.2LB cells. EIS Nyquist plots of Li/Li cells after
formation, cycle 50, and cycle 150 are provided for (h) 2.4 LN- OLB, (i) 2LN-0.4LB, and (j) 1.2LN-1.2LB cells.

at 20 °C (Figure 4b, with the zoomed insets of voltage traces at
different times displayed in Figure S11). The 2.4LN-OLB
electrolyte exhibits a high overpotential (>0.1 V), and the
voltage trace turns unstable at ~SS h, suggesting irregular Li
plating/stripping leading to dendrites/soft shorts. The 2LN-
0.4LB electrolyte has the lowest overpotential initially,
consistent with its high j. P value, but this increases after
~250 h, becoming similar to the initial overpotential in the
24LN-OLB electrolyte and leading to cell failure (by soft-
shorting) after ~300 h. For the 1.2LN-1.2LB electrolyte, the
overpotential slightly increases, particularly toward the end of

the plating/stripping cycle, where the “peaking” behavior
becomes more pronounced. This behavior has been attributed
to the concentration polarization-induced overpotential for
lithium plating and stripping,A'6 but it could also indicate the
formation of a more electronically passivating SEI that prevents
soft shorts.”” Consequently, the cycle life of the F-free
electrolytes significantly improves with an increasing LiBOB
content, with the 1.2LN-1.2LB electrolyte showing stable
cycling for over 700 h. Furthermore, the voltage trace from an
intermediate “1.6LN-0.8LB” composition (Figure S12) further
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Figure 5. Initial Li deposition morphology in fluorine-free electrolytes: (a) Schematic diagram showing the variations in the "Li chemical shift
depending on the orientation of Li metal with respect to magnetic field B,. (b) Evolution of the metallic "Li chemical shift in Cu/LiFePO, cells
cycled for 4 cycles at 0.5 mA cm™ and 0.5 mAh cm™ (1 h) plating per cycle. (c) Percentage of Li utilization per cycle to reversible Li, SEI, and
dead Li. (d) Top-view SEM images of 1 mAh cm™ electrodeposited Li on Cu; the scale bar is 10 gm. For (b), (c), and (d), left to right, the images
correspond to 2.4LN-OLB, 2LN-0.4LB, and 1.2LN-1.2LB electrolytes, respectively.

demonstrates that the long-term stability in these electrolytes
correlates directly with the LiBOB content.

We also evaluated the Coulombic efficiencies (CE) of
fluorine-free electrolytes in Li/Cu cells with 0.5 mAh cm™ and
1 mAh cm™ Li plating per cycle, according to both the
reservoir-based and conventional methods,*® with a reservoir
plating of 5 mAh cm™ for the former (Figure 4c). While the
2.4LN-OLB electrolyte could not be evaluated due to cell
failure during the reservoir plating, the 2LN-0.4LB and 1.2LN-
1.2LB electrolytes show high average CEs of 97.66% and
97.84%, respectively (Figure S13) compared to 87.50% for the
standard LP30 electrolyte (Figure S14). On long-term cycling

with the conventional method, the 2LN-0.4LB electrolyte
shows a high average CE of 99.08% (Figure S13), but the cell
fails after 440 cycles (Figure 4d). In contrast, the 1.2LN-1.2LB
cell cycles for over 700 cycles in line with the trends observed
for Li/Li cells. An average CE of 98.40% is obtained over 400
cycles (Figure S13), which increases to 98.7% over 700 cycles.
From the Li plating/stripping voltage traces of Li/Cu cells
(Figure 4e—g), it is clear that with cycling, the ohmic drop
increases within a few cycles (10—50) for the 2.4LN-OLB
electrolyte, and this could be caused by a low concentration of
free charge carriers, particularly Li*, which is expected for this
composition due to strong Li'=NO;" interactions leading to
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poor Li* dissociation (Figure 1b). Here, the presence of the
BOB™ ion improves the charge carrier concentration, leading
to a lower ohmic drop for the 2LN-0.4LB and 1.2LN-1.2LB
electrolytes. With prolonged cycling, particularly beyond 425
cycles (Figure 4f and Figure S15), a similar increase in the
ohmic drop is also observed for the 2LN-0.4LB electrolyte.
While both NO;~ and BOB™ ions participate in the inner
solvation structure of Li* and are expected to decompose to
form the SEI, we believe that the drop in the BOB~
concentration to near-zero levels leads to the observed changes
to the voltage trace. To further verify this, we performed 'Li
and "*C NMR on the 2LN-0.4LB electrolyte retrieved from Li/
Li coin cells after 20, 100, and 250 h of cycling at 1 mA cm™
and 1 mAh cm™ (samples prepared with 1:24 dilution in
diglyme to enable measurements). While the ’Li spectrum
shows a downfield shift, similar to that observed for the 2.4LN-
OLB electrolyte (Figure S16a), the peak corresponding to
BOB™ (159.4 ppm) is absent in the "*C spectrum of the cycled
electrolyte (Figure S17). In comparison, the ’Li NMR
spectrum of the 1.2LN-1.2LB electrolyte post 250 h shows a
minor upfield shift instead (Figure S16b), while the "C
postcycling spectrum indicates the presence of BOB™ after 250
h (Figure S18). Moreover, the BOB™ concentration only shows
a modest drop going from hour 100 to hour 250, suggesting
that the BOB™ consumption decreases after Li surface
stabilization. We also analyzed Li plating/stripping in Li/Cu
cells with “OLN-1.2LB” (i.e., no LiNO,) composition (Figure
S19). Not only does the absence of LiNO; result in much
lower CEs per cycle (46.6% and lower) but also a different
more sloping voltage profile for stripping (Figure S19b). With
cycling, while no significant changes to the ohmic drop occur,
the stripping voltage trace further diverges, with the CE
eventually dropping to 0%. Therefore, while the presence of
LiNO; seems critical in achieving high CE per cycle, the
presence of BOB™ in sufficient amounts appears key to
extending the cycle life, as evidenced by the stable Li plating/
stripping voltage traces for the 1.2LN-1.2LB electrolyte.
Clearly, the improvements in the Li interface stability in
LiNO;/LiBOB/diglyme electrolytes are highly synergistic in
nature.

We performed electrochemical impedance spectroscopy
(EIS) to track the evolution of the bulk electrolyte and Li
interface resistances with cycling (Nyquist plots shown in
Figure 4h—j, zoomed-in insets of the high-frequency points
shown in Figure $20). The resulting bulk electrolyte resistance
(taken from the high-frequency real axis intercept) and total
interface resistance (taken as the difference between the high-
and low-frequency real axis intercepts), Ry and Ry,
respectively, are provided in Table S3. Comparing the Nyquist
plots right after formation cycling (0.1 mA cm™ and 4 mAh
cm™?), it is observed that the 2.4LN-OLB electrolyte has the
highest Ry and the 2LN-0.4LB the lowest, in line with the j.?
trends (Figure 4a). Ry also follows the same trend as with the
bulk ionic conductivity measurements (Figure 1a), with the
1.2LN-1.2LB electrolyte having the lowest Rg (5.6 Q.cm?).
With cycling, Ry drops for all of the electrolytes, likely due to
improved SEI passivation and the Li surface area increase;
however, Ry also increases, likely due to Li* consumption from
the electrolyte. For the 2.4LN-0OLB electrolyte, the Ry increase
is the most severe (14.5 to 31.8 Q cm? after 50 cycles), and an
additional semicircle also appears at high frequencies (107 to
10° Hz). For the 2M-04M electrolyte, while there is a
significant reduction in Ry after S0 cycles, both a significant Ry

increase and an additional high-frequency semicircle are
observed after 150 cycles. The distribution of relaxation time
(DRT) analysis of the EIS spectra (Figure S21) also shows the
presence of additional features at high frequencies for these
spectra. Here, the narrow peak at high frequencies (7 = 107° to
1075 s) could correspond to the increased contact resistance at
the Li/current collector interface induced by uneven Li
deposition, while the broader feature at slightly lower
frequencies (7 = 107 to 10™° s) could indicate (partially)
electronically conducting organic decomposition layers on Li.
In contrast, the Rg barely changes for the 1.2LN-1.2LB
electrolyte (2.5—3 Q after 50 cycles) and Ry also stays nearly
the same between 50 and 150 cycles without the emergence of
additional features. Clearly, the presence of LiBOB seems to
have a profound effect on retaining the ionic conductivity and
stabilizing the Li—electrolyte interface.

SEl Composition and Li Microstructure. The electro-
chemical results suggest that the improvements in (electro)-
chemical stability for the F-free electrolytes with the inclusion
of LiBOB are linked to changes in characteristics of the Li/
electrolyte interface, which could be in terms of both the Li
deposition morphology and SEI composition. In Li metal
batteries, Li inventory loss can occur due to both (continuous)
SEI and dead Li formation. Here, we employ operando Li
NMR to understand the evolution of the Li plating
morphology with cycling and to determine the fraction of Li
inventory lost to SEI and dead Li.*’ Li NMR is sensitive to
different Li morphologies depending on their orientation with
respect to the static magnetic field By and can vary between
240 and 275 ppm. While planar Li (Figure Sa, right) with a
perpendicular orientation to B, corresponds to around 240
ppm, chemical shifts in the range of 270—275 ppm are typically
reported for dendritic Li deposits (Figure Sa, left) having a
parallel orientation to By."’ Besides these, deposits with
intermediate orientations or mossy deposits result in
intermediate chemical shift values (Figure Sa, middle).” It is
also important to consider the bulk magnetic susceptibility
(BMS) effects of the counter electrode while interpreting the
chemical shifts, as paramagnetic electrodes such as LiFePO,
(LFP) could result in a downfield shift of about 15 ppm for
metallic Li peaks.49 For instance, the chemical shift for planar
Li, around 240—24S ppm in Li/Li or Li/Cu cells, would be
around 255—260 ppm in Cu/LFP cells.

The evolution of the Li morphology in Cu/LFP cells cycled
for 4 cycles at 0.5 mA cm™ and 0.5 mAh cm™ (1 h) plating
per cycle is shown in Figure 5b, and the breakdown of Li
utilization per cycle (based on the methodology proposed by
Gunnarsdottir et al,* more details provided under Supple-
mentary Note 2) is shown in Figure Sc. For the 2.4LN-OLB
electrolyte, the metallic "Li signal initially has a chemical shift
of around 256 ppm, with a shoulder feature around 270 ppm.
With further cycling, a gradual shift of overall peak intensity to
~272 ppm is observed (Figure S22), clearly suggesting a
transition in the Li deposition morphology. The remaining
dead Li peak after 4 cycles has a chemical shift of ~284 ppm,
suggesting the formation of dendrites. The Li loss toward dead
Li formation also progressively increases from cycle 2 to cycle
4 (Figure Sc). The 2LN-0.4LB electrolyte shows much higher
reversible Li plating, with the metallic Li peak consistently
centered around ~256—258 ppm, indicating uniform deposi-
tion, and the Li loss is predominantly toward SEI formation
(rather than dead Li, as confirmed by the postdischarge spectra
shown in Figure $22). Similar amounts of reversible and lost Li
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Figure 6. Li morphology and interphase composition after S0 cycles in Li/Cu cells at 1 mA cm™ and 1 mAh cm™: (a) SEM images of 2.4LN-0LB,
2LN-0.4LB, and 1.2LN-1.2LB samples. The scale bar is 10 ym. (b) XPS survey atomic percentage (with depth profiling) for 2.4LN-0LB, 2LN-
0.4LB, and 1.2LN-1.2LB samples. (c) C 1s XPS spectra of 2.4LN-OLB, 2LN-0.4LB, and 1.2LN-1.2LB samples.

are also observed for the 1.2LN-1.2LB electrolyte, but the
metallic Li peak, initially around 262 ppm, becomes centered
around 270 ppm with subsequent cycling.

These trends are also reflected in the top-view SEM images
of 1 mAh cm™ electrodeposited Li on Cu after the first and
fifth deposition half cycles (Figure Sd and Figure S23); the
2.4LN-OLB electrolyte shows a mix of planar and mossy
deposits after the first cycle, while a mix of dendritic and planar
deposits is observed after 5 cycles. This suggests that the
transition of mossy Li to dendritic Li could have resulted in the
overall downfield shift of the "Li metallic peak between cycles
1—4. The 2LN-0.4LB electrolyte shows even, closely packed,
high-surface-area features, forming larger, planar deposits after
the first cycle. These features appear to coalesce further after §
cycles, but the surface features and the overall morphology
remain nearly the same. In comparison, the 1.2LN-1.2LB
electrolyte shows larger Li grains with a curved orientation
after the first cycle. Upon further cycling, larger disk-like
deposits are observed (Figure S23). The corresponding
operando NMR “Li chemical shift of ~270 ppm, likely
originating from the curved surface orientation of these

deposits, is consistent with previous results for similar Li
morphologies obtained in Cu/LFP cells.”!

With subsequent cycling, the Li surface morphology
undergoes significant changes. Figure 6a shows the SEM top
view of the electrodeposited Li surface after 50 cycles at 1 mA
ecm™ and 1 mAh cm™? and Figures 6b and 7c show the
corresponding survey and C 1s XPS compositions of the
surfaces, respectively. For the 2.4LN-OLB electrolyte, the Li
deposition is significantly uneven, with the formation of a
surface layer on top. The corresponding XPS survey spectrum
shows a high concentration of C at the surface that decreases
with etching, along with an increase in Li and O
concentrations. In the high-resolution C 1s spectrum (Figure
6¢), in addition to the adventitious C—C carbon peak at 284.8
eV, another significant environment is observed at 286.8 eV,
which could correspond to Li alkoxides (R—CO—Li) typically
known to form with ether decomposition at the Li surface.*”
This possibility is also supported by the O 1s spectrum (Figure
S24), where a significant peak is observed in the region
corresponding to alkoxides (~531 eV), alongside Li,O (~528
eV), formed upon LiNO; reduction.”” An environment is also
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observed at 283 eV, which could correspond to Li,C,, which is
formed upon further reduction of organic SEI components on
lithium, and is known to be electronically conductive.”® This
might also explain the additional high-frequency semicircle in
the EIS post-S0 cycles (Figure 4h).

In contrast, the 2LN-0.4LB and 1.2LN-1.2LB electrolytes
show a more uniform Li surface morphology, where the Li
deposits are surrounded or covered by a scaffold-like structure.
For the 2LN-0.4LB electrolyte, this structure appears porous,
whereas for the 1.2LN-1.2LB electrolyte, this structure appears
more compact. The chemical compositions of these surfaces
are also different. The 2LN-0.4LB electrolyte results in a much
lower C content throughout the SEI, with Li and O
dominating the SEI composition (Figure 6b). The C 1s
spectrum (Figure 6¢) reveals a relative increase in the O—C=
O peak at 288.5 eV, which could be due to the presence of
Li,C,0,,°* and the emergence of a new environment around
289.5 eV, which could correspond to overlapping features such
as borates formed upon LiBOB reduction with Li traces of
LiBOB and Li,CO;.>*7*° In the O 1s spectrum (Figure $24) at
the top surface, a dominant contribution from Li,O (528.5 eV)
is observed, alongside Li alkoxides/LiOH (~531 eV) and a
new environment at S531.5 eV corresponding to C=O
derivatives from LiBOB and Li,CO;>’ The presence of
LiBOB derivatives in the SEI is further confirmed by B 1s XPS
(Figure S25), where a peak is observed at lower binding
energies (~191 eV) than that for the BOB™ anion (193.7 V),
which could correspond to 3-coordinate boron decomposition
products of LiBOB.>

46017

For the 1.2LN-1.2LB electrolyte, the top surface of the SEI
shows a high C content, and this value continues to be
marginally higher compared with that of the 2.4LN-OLB
electrolyte (Figure 6b) with etching. Furthermore, the
relatively lower Li content in the outer SEI layers (0—30 s
etching) and an increased presence of B (4—5 at %) suggest
that these outer SEI layers could be primarily made up of
LiBOB derivatives. The C 1s spectrum (Figure 6¢c) reveals a
strong increased amount of B—O—C=0/Li,CO; (289.5 V)
in the SEL In the O 1s spectrum, the C=0/Li,CO; peak is
now the most dominant, with an additional peak at 532.5 eV,
which could correspond to the bridging oxygen (B—O—C) of
less reduced intermediates of LiBOB. The B 1s XPS spectrum
also indicates a less reduced environment on the outer SEI
layers (~192 eV) covering the more reduced LiBOB
derivatives at ~191 eV (Figure S25). These environments
likely correspond to 3-coordinate ringed oxalatoborates
(having one oxalatoborate ring intact) and fully ring-opened
borates, respectively, known to form upon the stepwise
reduction of LiBOB.”*® This also suggests that the increase
in the 289.5 eV peak in C 1s XPS primarily originates from
these environments (Figure 6c).

While it is challenging to obtain a quantitative estimate of
changes to the Li surface area with cycling, cyclic voltammetry
has previously been used to track the increase in the active
surface area in Li/Li and Li/Cu cells.* The cyclic voltammo-
grams of Li/Cu cells with fluorine-free electrolytes (scan rate =
1 mV s7') are shown in Figure S26a—c, and the anodic peak
integral per scan as a correlated descriptor for the electro-
chemically active Li surface area (with minor contributions to
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Figure 8. (a) Rate performances of Li/LFP (1 mAh cm™) half-cells at varying charge/discharge rates at 20 °C. (b) Discharge capacities and
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the integral from transport polarization and SEI redox) is
provided in Figure S26d. Here, we observe that for the 2.4LN-
OLB electrolyte, the anodic peak integral is low and does not
significantly change with cycling. In contrast, the anodic peak
integral continuously increases for the 2LN-0.4LB electrolytes.
In high-CE electrolytes, such an increase in exchange current
(and thereby the anodic integral) is typically associated with an
increase in the Li active surface area. Here, however, this
increase is exponential, particularly after cycle 5. At this stage,
the anodic peak also turns noisy, which can be attributed to the
mechanical/electronic disconnection of the Li/SEI network
from the current collector during stripping at these high
current densities. This is also evident from the SEM images of
the Cu current collector after 11 CV scans (Figure S27, left)
where the residual Li/SEI on the Cu surface appears porous
and highly pitted. In contrast, the 1.2LN-1.2LB electrolyte
results in a steady rise in the peak anodic integral, which
stabilizes after about 25 cycles. The SEM images after 11 CV
scans (Figure S27, right) also show a much smoother Li/SEI
residue on Cu. This implies that while both 2LN-0.4LB and
1.2LN-1.2LB electrolytes display high CEs, the higher active
surface area of electrodeposited Li for the 2LN-0.4LB
electrolyte, as suggested by SEM, CV, and operando NMR,
results in overall higher Li*/anion consumption, leading to
accelerated Li*/anion depletion.

46018

A further validation of our hypothesis on SEI composition
and the overall amount of Li in the SEI relative to the amount
of Li deposits is achieved using naturally abundant °Li solid-
state NMR (ssNMR). We complement this with cross-
sectional SEM to obtain a visual estimate of the overall dead
Li/SEI residue generated. Here, we used Li/SEI residues on
Cu foils after 440 cycles at 0.5 mA cm 2 and 1 mAh cm™ for
the experiments. °Li was chosen over 'Li NMR to obtain a
better chemical shift resolution on the SEI components.

The postcycling cross-sectional SEM images (Figure S28)
reveal that the amount of dead Li/SEI residue generated after
440 cycles is nearly the same (around 64.5 ym) for the 2LN-
0.4LB and 1.2LN-1.2LB electrolytes. Another factor to be
considered here is the skin depth for °Li, which could impact rf
penetration into metallic Li, resulting in its nonuniform
excitation. While the skin depth for °Li for a Larmor frequency
of 73.6 MHz (on a 11.7 T magnet) is around 18 pm (see
Supplementary Note 3), the size of Li deposits in the Li/SEI
residue was observed to be <10 um for both the electrolytes
(Figure S28, highlighted circles), much smaller than the °Li
skin depth. Furthermore, the sinusoidal shape of the Li
nutation curve obtained for metallic Li from the prepared Li/
SEI sample (Figure S29) indicates that all metallic Li in the
sample is uniformly excited by the rf signal. These findings
validate our choice of °Li NMR spectra normalization with
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respect to the dead Li peak at ~260 ppm for the sake of
comparison (Figure 7a). With this approach, we observe that
the 2LN-0.4LB electrolyte has a relatively higher area of the
diamagnetic peak at ~0 ppm, corresponding to Li-containing
SEI components (Figure 7a, zoomed inset). The compositions
of SEI are also different (Figure 7b). Li,O at ~2.6 ppm is the
dominant SEI component for the 2LN-0.4LB electrolyte,”
with minor peaks at ~1 ppm, 0 ppm (corresponding to
Li,C,0,/Li,C0;),*° and ~7.5 ppm (corresponding to
Li;N).°"*> While the peak at ~1 ppm could correspond to
LiOH (due to Li reactivity with moisture traces),” we believe
that this peak also includes contributions from borate
intermediates from LiBOB decomposition. This is plausible,
as pristine LiBOB salt has a chemical shift of ~0.3 ppm (Figure
$30), and (partial) ring-opened anions would result in
deshielding of Li and a higher chemical shift. For the 1.2LN-
1.2LB electrolyte, the ratio of Li-borate/LiOH and Li,C,0,/
Li,CO; peaks increases, with reduced contributions from Li,O
and Li;N. These observations corroborate the C 1s, O 1s, and
B 1s XPS results, which also indicated the existence of multiple
LiBOB-derived environments for the 1.2LN-1.2LB electrolyte.

Summarizing, the addition of LiBOB into LiNO;/diglyme
electrolytes improves Li plating/stripping in terms of both
homogenizing Li deposition at high current densities and
lowering Li*/anion consumption from the electrolyte with
cycling. While the addition of LiBOB as a minor secondary salt
already improves Li* dissociation, leading to homogeneous Li
plating/stripping with high CE, the surface area of Li deposits
remains high, leading to Li"/anion consumption-induced cell
failure. On increasing the LiBOB concentration further, the
initial and subsequent Li deposition turns out to be more
compact (lower surface area). This highlights the beneficial
role of organoboron derivatives in the outer SEI in tuning the
Li deposition size. Our results also suggest that the SEI scaffold
formed with mainly LiNO;-derived SEI components does not
provide adequate mechanical passivation of fresh Li deposits
with subsequent cycling or at high currents, while LiBOB-
derived borates have been previously reported to chemo-
mechanically passivate the Li metal surface,”° and our
postmortem analyses suggest that a similar mechanism could
be at play for the fluorine-free electrolytes. The reduction in
surface area evolution of Li deposits results in lower overall
Li*/anion consumption from the electrolyte toward SEI
formation during cycling (Figure 7c). It is to be noted,
however, that the inner SEI, predominantly made up of Li,O,
is essential in ensuring high Li* conductivity in the SEI and
chemical passivation of Li, highlighting the synergistic roles of
LiNOj; and LiBOB in improving the SEI properties.

Electrochemical Performance in Lithium Metal Bat-
teries. We further demonstrate the practical applicability of
the fluorine-free 1.2LN-1.2LB electrolyte by evaluating its
electrochemical performance in half and full cells. The linear
sweep voltammetry (LSV) measurements performed in Li/
stainless-steel cells at 0.1 mV s™' at 25 °C (Figure S31)
indicate that the anodic stability of fluorine-free electrolytes
slightly improves with the inclusion of LiBOB, similar to a
previous report.”® The 1.2LN-1.2LB electrolyte shows much
lower leakage currents compared to the electrolytes with lower
amounts of LiBOB and displays an electrochemical stability of
up to 43 V vs Li"/Li, rendering it suitable for LMB
applications with LiFePO, (LFP) as the cathode material.

At 20 °C, the rate performances of 1.2LN-1.2LB and LP30
electrolytes in Li/LFP half-cells with commercial 1 mAh cm™?

LFP cathodes (Figure 8a) are very similar (176 mAh g™' vs
171 mAh g~ at 0.1C and 44.24 mAh g~ ' vs 44.6 mAh g at
SC for 1.2LN-1.2LB and LP30, respectively). However, with
continued cycling at 1C for another 200 cycles (Figure 8b), the
LP30 electrolyte undergoes a rapid capacity fade due to high-
current-induced Li surface degradation. On the other hand, the
1.2LN-1.2LB electrolyte continues to display stable cycling
with an average Coulombic efficiency of 99.5% over the 200
cycles (versus 98.5% for LP30). Under more realistic full-cell
conditions, i.e., with a low lithium reservoir of 100 ym and
LFP cathodes with an active mass loading of 2 mAh cm™ and
at 25 °C (Figure 8c), the 1.2LN-1.2LB electrolyte significantly
outperforms LP30 with a capacity retention of 77.2%, an
average discharge capacity of 132.36 mAh g~', and an average
Coulombic efficiency of 99.4% (versus a capacity retention of
33.5%, an average discharge capacity of 92.47 mAh ¢!, and an
average Coulombic efficiency of 98.1% for LP30) after 100
cycles at 0.5C charge and discharge. From the voltage traces
shown for cycles 3, 50, and 100 (Figure 8d,e), it is observed
that the 1.2LN-1.2LB electrolyte has both a lower ohmic drop
and a less sloping charge/discharge voltage profile (i.e., lower
concentration polarization) with extended cycling. The
capacity retention increases to 86.7% after 100 cycles and
68.9% after 150 cycles with an improved CE of 99.65% using
an asymmetric charge/discharge protocol (0.2C charge, 0.5C
discharge, Figure S32). While further solvent optimization is
necessary to further extend the applicability of these electro-
lytes to LMBs with high-voltage (>4 V) cathodes, we believe
that these results mark an important step forward in the design
of safe, fluorine-free electrolytes for LMBs.

B CONCLUSIONS

In this work, we demonstrate how the modification of Li* inner
solvation structures using a dual-salt approach, and its
consequent influence on Li* transport and SEI composition,
could hold the key to achieving stable Li plating/stripping in
fluorine-free electrolytes. Our combined experimental and
computational approach, used to elucidate the mechanistic
changes to ion transport upon the introduction of LiBOB into
LiNO,/diglyme electrolytes, reveals that LiBOB’s steric bulk
and participation in the inner solvation sheath reduce the
extent of Li'—NO;~ pairing, increasing ion dissociation and
increasing the diversity of solvation structures. This leads to an
increase in ionic conductivity despite a drop in bulk transport
properties such as viscosity and self-diffusivity. Simultaneously,
this increased Li*—BOB™ coordination also results in the
formation of LiBOB-derived outer SEI components over the
ion-conductive, LiNOj-derived, Li,O/Li;N-rich inner SEI
layer, as identified by the XPS and solid-state NMR analyses.
Our early-stage morphological analyses through operando
NMR and SEM also indicate that these synergistic improve-
ments to charge carrier concentration and SEI composition
enable uniform Li nucleation and deposition from the onset,
resulting in larger (lower surface area) Li deposits and lower
Li"/anion consumption into the SEI, contributing to a
significantly improved cycling stability.

By outlining the specific contributions of the two readily
available fluorine-free salts, LINO; and LiBOB, to ion transport
properties and SEI/Li morphology structure, we propose a
dual-salt pathway for future fluorine-free electrolyte develop-
ment, where organoboron salts such as LiBOB could play a
major role as functional alternatives to fluorinated additives,
while LINO; contributes toward the formation of an ion-
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conductive inner SEI These insights could accelerate advance-
ment in fluorine-free electrolyte systems, opening a clearer
path toward safe, sustainable next-generation lithium batteries.
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