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Controlling solid electrolyte interphase (SEl) in batteries is crucial for their efficient cycling. Herein, we
demonstrate an approach to enable robust battery performance that does not rely on high fractions of
fluorinated species in electrolytes, thus substantially decreasing the environmental footprint and cost of
high-energy batteries. In this approach, we use very low fractions of readily reducible fluorinated cations
in electrolyte (~0.1 wt%) and employ electrostatic attraction to generate a substantial population of
these cations at the anode surface. As a result, we can form a robust fluorine-rich SEI that allows for
dendrite-free deposition of dense Li and stable cycling of Li-metal full cells with high-voltage cathodes.
Our approach represents a general strategy for delivering desired chemical species to battery anodes
through electrostatic attraction while using minute amounts of additive.

Stable and cost-effective Li-metal batteries (LiMBs) are necessary for non-incremental improvement of energy density in commercial batteries. However, the
implementation of Li-metal anodes is impeded by an unacceptably low cycle life and safety concerns when conventional electrolytes are used. In particular, the
formation of electronically inactive “dead” lithium and dendrites takes place during cycling. Prior research suggests that fluorine-rich interfacial layer

chemistry is important for the stabilization of Li-metal anodes, which can be achieved when electrolytes with a high fraction of fluorinated solvents and/or salts
are used. Herein, we introduce an alternative approach that leverages electrostatic attraction between positively charged fluorinated cations and the negatively
charged Li-metal anode, generating a significant population of fluorinated species near the electrode surface with a very low fraction of additive in the
electrolyte (~ 0.1 wt%). As a result, a robust fluorine-rich interfacial layer is formed, enabling dendrite-free deposition of dense Li metal. In general, we present
a strategy for delivering desired chemical species to the battery anodes through electrostatic attraction while using minute amounts of additive and therefore
can notably reduce costs and environmental footprint of implementing high energy batteries.

Introduction

bottlenecks for batteries.>* However, Li metal anodes are
prone to developing dendritic and porous (mossy) deposits

Replacement of traditional intercalation anodes such as gra-
phite (372 mA h g~") or lithium titanium oxide (175 mA h g™
with Li metal (3860 mA h g~ ') can enable high-energy battery
cells," providing a solution to the current energy density
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during repetitive charge/discharge cycling. This leads to an
unacceptably low cycle life and introduces serious safety con-
cerns, prohibiting practical implementation of lithium metal
batteries (LiMBs).> The Li plating/stripping process and cycle
life of LiMBs are strongly affected by the properties of the so-
called solid electrolyte interphase (SEI). An SEI is a layer formed
on the electrode surface as a result of the decomposition of
electrolyte components such as solvent, salt, and molecular
additives.*® Electrolyte composition is known to dramatically
affect the properties of the resulting SEI (e.g. structure, chemistry,
and homogeneity) and lithium plating/stripping (coulombic) effi-
ciency, morphology and cycle life.* Commercial Li-ion electrolyte
chemistries are based on carbonate solvents and Li-ion salts that
were originally developed and optimized for graphite anodes.
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However, when these conventional carbonate-based electrolytes
are used in combination with Li-metal anodes, they yield highly
unsatisfactory cycle life due to unfavorable SEI chemistry at the
Li-metal surface.>” Specifically, insufficient electronic insulation,
structural instability and heterogeneity of the SEI result in uncon-
trolled SEI growth and the formation of electronically discon-
nected “dead lithium” and/or dendrites.>” This results in low
coulombic efficiencies (well below 99% that is required” for every
cycle in long-life LiMBs). Therefore, the development of new
electrolytes that can yield favorable SEI on Li-metal anodes
constitutes a critical research direction.”

Recent research suggests that fluorine-rich SEI yields super-
ior performance compared to fluorine-free SEI.>**° To achieve
fluorine-rich SEI, state-of-the-art approaches rely on large
volume fractions of fluorinated species in the electrolyte that
have a statistically higher probability of being reduced at the
electrode surface and, therefore, generate fluorine-rich SEL"°
For example, solvent-in-salt electrolytes with a high concentration
of fluorine-containing anions yield fluorine-rich SEIs and
much improved coulombic efficiencies compared to their dilute
counterparts.'*
enriched SEI from fluorine-containing salts at intermediate

Recently, another way to generate a fluorine

concentrations was reported by employing a modified solvent
with siloxane groups' or through usage of surface-modified
separators.”® Also, fluorinated solvents themselves can be used
to form high-quality SEIs.>"* The implementation of a fluorinated
ionic liquid as a battery solvent is another way to create a fluorine-
rich SEI that can suppress formation of dead lithium.">'®
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Yet, despite enabling promising performance, these
approaches have notable drawbacks when it comes to their
practical implementation. The high cost of Li salts and
increased solution viscosity at high salt concentration makes
highly concentrated electrolytes challenging to implement in
commercial batteries. Similarly, the replacement of conven-
tional solvents with heavily fluorinated ones can lead to sub-
stantial increases in battery costs and environmental footprint.

Herein, we establish an alternative approach that relies on
the electrostatic attraction of fluorinated cations to a negatively
charged anode. Through this approach, a significant popula-
tion of fluorinated species can reach the electrode surface even
when the overall additive concentration in the bulk electrolyte
is in the millimolar range. Importantly, to ensure the predo-
minant contribution of fluorinated cations to SEI formation,
their reduction potential should be significantly higher than
that of solvent molecules or anions in electrolyte (as schema-
tically depicted in Fig. 1a). To this end, we selected fluorinated
methylpyridinium cations (Fig. 1a) that can offer early decom-
position potentials of ~2 V vs. Li/Li" (at least ~1.5 V before
solvent decomposition starts). First, we show that the addition
of fluorinated methylpyridinium cations even in millimolar
amounts (0.08-0.14 wt%) to a conventional electrolyte based
on 1,2-dimethoxyethane (DME) enables F-enriched SEI and
dense Li plating with an increased coulombic efficiency of
99.6% (compared to 96.4% obtained in additive-free electro-
Iytes). Second, we demonstrate prolonged cycling of a full cell
with Li metal anode and Ni-rich high-voltage cathode in ether-
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Fig. 1

(@) Schematic diagram of SEI formation from a fluorinated cationic additive on a Li-metal anode. (b) First and second (inset) cycle CV profiles

collected in DME + 1 M LiFSI electrolytes with and without fluorinated cations (TFP) and fluorinated neutral analogue (TFN) using a 1 mm Cu disk working
electrode at a 0.5 mV s~* scan rate and a voltage window of 0.3-2.5 V vs. Li/Li*. (c) Galvanostatic cycling of a Li°~Li® symmetric cell at 10 mA cm~2 using
DME + 1 M LiFSI as an electrolyte with and without fluorinated cations (TFP). (d) and (e) Zoomed-in voltage profile of (c). (f) and (g) Cross-sectional SEM
images of the cycled Li metal (f — after 1852 cycles in DME + 1 M LiFSI, g — after 2000 cycles in DME + 1 M LiFSI + 12 mM TFP) showing Li metal deposit
morphologies. Scale bar: 5 um. Before SEM, a lamella (5 um deep) was cut out using cryo-FIB.
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based electrolytes with 99.6% average coulombic efficiency,
which is achieved by suppressing oxidative decomposition of
DME upon addition of small amounts of fluorinated cations.
Third, the fluorinated cations also suppress corrosion of the Al
current collector caused by chlorine impurities in the electro-
lyte, thus assisting with prolonged cycling of the full cell.

Results and discussion
Effect of fluorinated cations on cycling of lithium metal anodes

The choice of fluorinated methylpyridinium cations was dictated
by the following considerations: (1) previous experiments showed
pyridinium-based cations undergo reductive decomposition at
~1.75 V vs. Li/Li*,""'® which is well above the decomposition
potentials of non-aqueous solvents and anions; (2) quantum-
chemical calculations suggest that fluorination of methylpyridi-
nium cations would further shift the reduction potential to even
higher values (Fig. S1, ESIt), potentially providing a simple
pathway for the formation of fluorine-rich SEL In our experi-
ments, we used N-methyl-2,4,6-trifluoropyridinium (TFP) as a
fluorinated cationic additive in a form of perchlorate salt. As the
baseline electrolyte we used 1 M lithium bis(fluorosulfonyl)imide
(LiFSI) in DME because it shows one of the highest coulombic
efficiencies (96.4%) for Li plating/stripping among additive-free
electrolyte formulations.®

Cyclic voltammetry (CV) profiles collected in additive-
containing electrolytes show a pronounced reduction peak at
~1.98 Vvs. Li/Li" (Fig. 1b) during the 1st cycle, which is absent
in the additive-free electrolyte. The current associated with the
reduction peak scales with the concentration of TFP (Fig. S2,
ESIt). Furthermore, an identical position of TFP-related
reduction peak is observed regardless of whether TFP additive
is used in the form of perchlorate or triflate salt (Fig. S3, ESIT).
The reduction peak disappears in the 2nd cycle, consistent with
passivation of the anode surface, preventing further reduction
of fluorinated cations. These experiments confirm that the
reduction of fluorinated cations occurs at potentials nearly
~1.5 V higher than the onset of decomposition of the
additive-free electrolyte.>® In contrast, no distinct reduction
CV peaks or subsequent passivation was observed upon addi-
tion of the same concentrations of the neutral analogue, 2,4,6-
trifluoropyridine (TFN), indicating importance of the additive
charge in enabling its efficiency (Fig. 1b). These results are also
in agreement with density functional theory (DFT) calculations
that predict TFN’s low reduction potential of 0.23 V vs. Li/Li"
(Fig. S1a, ESIY).

To quantify how the addition of fluorinated cations affects
the coulombic efficiency of Li plating/stripping, we used a
modified Aurbach protocol®" (Fig. S4a, ESIt). The test revealed
a substantial improvement of average coulombic efficiency from
96.4% for the TFP-free electrolyte to 99.6% for the cells contain-
ing TFP (~ 0.1 wt%, Fig. S4b, ESIt). This efficiency is comparable
to those reported for the best-performing electrolytes containing
fluorinated solvent®** or salts in high concentrations,""*
demonstrating that large fractions of fluorinated species in

This journal is © The Royal Society of Chemistry 2024
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electrolytes can be avoided when aiming for high coulombic
efficiencies.

Next, we performed long-term galvanostatic cycling at
10 mA cm ? using a Li°-Li® symmetric cell configuration
(Fig. 1c). A dramatic difference was observed between the cells
with and without TFP. For cells with additive-free electrolyte, a
continuous increase in overpotential due to the formation of dead
lithium was observed with cycling (similar to previous reports*>°),
resulting in cell failure after 400 h (Fig. 1d). In contrast, addition of
millimolar amounts of fluorinated cations enabled outstanding
cycling stability and, after initial stabilization, the overpotential
remained almost unchanged for at least 3000 h of cycling (Fig. 1e).
Moreover, the cycling stability increases with the concentration of
fluorinated cations (Fig. S5, ESIT), showing the greatest stability for
the 18 mM concentration (Fig. 1c).

Importantly, the morphology of Li metal correlated with the
evolution of overpotential with cycling. Initially, comparable
overpotentials and similar Li morphology were observed for
both electrolytes (Fig. S6, ESIt). After 371 hours of cell cycling,
for the additive-free electrolyte a rough Li surface with multiple
cracks can be seen by scanning electron microscopy (SEM;
Fig. 1f and Fig. S7a, ESIt), with highly porous Li deposits and
in agreement with prior studies.’® In contrast, a smooth surface
with large and dense Li grains was observed for Li metal
that was cycled in the electrolyte containing TFP (Fig. 1g and
Fig. S7b, ESI%).

Solid electrolyte interphase

To understand the origin of the superior cycling performance of
the Li-metal anode in TFP-containing electrolytes, we per-
formed studies of the SEI layers formed in the presence of
TFP using X-ray photoelectron spectroscopy (XPS), electroche-
mical quartz crystal microbalance with dissipation monitoring
(EQCM-D), and quantum chemistry calculations (Fig. 2). The
XPS data collected from cycled Cu electrodes revealed a high
fluorine : carbon (F:C) atomic ratio for the SEI formed in the
presence of cationic additives (F: C = 3.1-4.5), whereas the F: C
ratio of 0.17-0.24 was observed for the SEI generated in
reference electrolyte (Fig. 2a). This indicates a dramatically
decreased relative contribution of the solvent decomposition
products. Furthermore, analysis of F 1s and Li 1s spectra
revealed LiF as a dominant species for SEI samples obtained
in the presence of fluorinated cations (Fig. 2b and Fig. S8 and
Table S1, ESIt). Similarly, a more than three-fold enrichment of
SEI with fluorine was observed for a Li metal electrode cycled in
the presence of TFP (Li’|Li® symmetric cell, one week of
galvanostatic cycling at 10 mA cm 2, Fig. S9, ESIf). This
indicates that even millimolar addition of the fluorinated
cations can yield favorable F-rich SEI

Next, EQCM-D measurements show that the SEI formed in
electrolytes with cationic additive is highly rigid since the change
of the overtone-normalized resonant frequency (Afy/n) and
energy dissipation (AD,) are independent”” of overtone order
(n) (Fig. 2c). Therefore, we can apply the Sauerbrey equation to
obtain gravimetric information for the formed SEI. By compar-
ing the theoretical and experimental frequencies,*® we attribute

Energy Environ. Sci., 2024,17, 4137-4146 | 4139
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Fig. 2

(a) F: C atomic ratio in the SEI layer formed on a Cu electrode as a function of depth. (b) XPS F 1s spectrum of a SEI layer formed on a Cu electrode

after cycling in DME + 1 M LiFSI + 18 mM TFP with Ar* sputtered time of 72 s (estimated depth: 2.0 nm). (c) Voltage, charge, frequency, and dissipation
change versus time using EQCM-D analysis for DME + 1 M LiFSI and DME + 1 M LiFSI + 18 mM TFP. (d) Products of reduction at the negative electrode

obtained from DFT calculations, see Fig. S11 (ESI¥) for further details.

the main frequency decrease at ~2 V to the formation of LiF,
which is in good agreement with the XPS results (Fig. 10, ESIt
and Fig. 2b). Moreover, no further mass gain was observed after
the first CV cycle, indicating the highly desirable robust and
passivating nature of the formed SEI In contrast, the SEI formed
in the additive-free electrolyte displays viscoelastic behavior: AD,,
depends on overtone order and larger values of dissipation
modulus are observed.>” > Upon cycling, a continuous increase
in charge, Af,/n and AD,, can be seen, indicative of uncontrolled
SEI growth due to the non-compact and porous nature of the
formed interfacial layers.*”

Since both XPS and EQCM-D suggest that SEI formed in
the presence of TFP is mainly LiF, we further investigated the
detailed SEI formation pathway using DFT calculations and MD
simulations. The DFT calculations suggest that TFP reduction is
the dominant process due to the electrostatic attraction of TFP to
the negative electrode and its higher reduction potential (2.1-2.5V
vs. Li/Li") compared to FSI~ (Fig. 2d and Fig. S11, ESIf).

4140 | Energy Environ. Sci., 2024, 17, 4137-4146

Meanwhile, FSI™ reduction is unlikely here due to the low affinity
of FSI™ to the negative electrode® and low fraction of contact ion
pairs (CIPs) or aggregates (AGGs) of LiFSI in DME at this salt
concentration (<30%) observed in MD simulations (see Supple-
mentary discussion, ESIT) and previous work.>*> Reduced TFP*
radicals at the anode surface undergo a second reduction and
release of F~ that results in the formation of LiF when TFP* is in
close proximity to Li" (Fig. 2d and Fig. S11, ESI}). A subsequent
reduction and defluorination is also likely when the Li"/TFP™_g
complex is exposed to potentials below 1.9 V vs. Li/Li". This allows
the additive to deliver multiple F~ to form LiF-rich SEI. Alterna-
tively, the reduced TFP* radicals can dimerize after their 1st
reduction to form a fluorinated viologen species which undergoes
spontaneous defluorination in proximity of Li" across the newly
formed C-C bond (left panel of Fig. S12, ESIt). The viologen
species can form an anion (2nd reduction) at ~0.6 V with
subsequent release of another LiF (3rd reduction; in the box in
Fig. S12, ESIY).

This journal is © The Royal Society of Chemistry 2024
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Full cell performance

Improvement of battery energy density requires coupling of
Li-metal anodes with high-voltage cathodes.""*® Previous
studies suggest that high-voltage cathode materials cannot be
used in non-concentrated DME-based electrolytes due to the
oxidative decomposition of DME solvent above 4 V vs. Li/
Li*.%?>** When we studied the oxidative stability of DME-
based electrolytes with fluorinated cations, we found that the
potential for the oxidative decomposition is shifted by approxi-
mately +200 mV (4.76 V to 4.95 V at 0.5 mA cm™>) when TFP" is
added to the electrolyte (Fig. S13, ESIf). Because we use
perchlorate as a counter anion, we also explored its effect on
the stability of the electrolyte. By performing cyclic voltammetry
tests in solutions containing 10 mM LiClO, and 10 mM TFP-CIO,
(in DME + 1 M LiFSI), we observed that the addition of 10 mM
LiClO, results in lower decomposition currents at 5 V compared
to a pure DME + 1 M LiFSI solution. This observation suggests
that perchlorate anions contribute to enhancing the oxidation
stability of DME-based electrolytes (as shown in Fig. S13c, ESIT).
Notably, the electrolyte containing both TFP" and ClO,~ demon-
strates even greater stability, with oxidative currents reduced by
half, emphasizing the advantageous role of TFP".

Such an increase in the oxidation stability of the DME-based
electrolyte with TFP cations implies that these electrolytes can
be used with high voltage cathodes. To study this, we first
performed galvanostatic cycling using a LiNijgCop1Mng 0,
(NCM811) cathode and the Li metal anode (NCM811||Li metal)
in a coin cell configuration with different concentrations of TFP
additive to find the optimal one (Fig. S14a, ESIt). Without TFP,
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the cells show severe capacity fading and a decrease in cou-
lombic efficiency around the 30th cycle, in agreement with
previous reports (Fig. S14 and S15, ESIT).® In contrast, cells with
TFP demonstrate a dramatic improvement in cycling stability
even for the TFP concentrations as low as 4 mM (~0.03 wt%j;
250 pum Li full cells; Fig. S14a, ESIt), with the optimal concen-
tration being 12 mM (0.1 wt%). The NCM811|/50 pm Li metal
full cells with the electrolyte containing 12 mM TFP maintained
94% of its discharge capacity even after 275 cycles (as measured
at 0.1C) and an average coulombic efficiency of 99.6% (1C,
Fig. 3a). In comparison, for the full cells containing 12 mM
LiClO, (Fig. S15, ESIT), we observed a much faster capacity loss
than for 12 mM TFP-ClO,.

The charge/discharge voltage profiles (Fig. 3b) show that the
cells containing fluorinated cations can be successfully and
repetitively charged up to 4.2 V. The differential capacity
profiles (dQ/dV, Fig. S16, ESIT) for the cells with TFP showed
both phase transitions expected for the NCM811 cathode dur-
ing charging/discharging [from hexagonal (H1) to monoclinic
(M) occurring between 3.6 V and 3.8 V and from monoclinic to
hexagonal (H2) at ~4.0 V].*>?® This is in contrast to the cells
without additive that showed severe discharge capacity fading
when charging up to 4.2 V due to electrolyte decomposition
(Fig. S14, ESTY).® The electrochemical impedance spectroscopy
data also show a minimal increase in impedance with cycling
for the full cells with TFP (Fig. S17, ESIT), in good agreement
with the cells’ dQ/dV profiles.

In addition, we found that the presence of TFP in the
electrolyte helps to suppress current collector corrosion. SEM
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three cycles and 1C-rate for 50 cycles in a loop). (b) Voltage profile of NCM811||Li full-cells at 0.1C-rate (top) and 1C-rate (bottom). (c) XPS F 1s spectra of
CEl layer formed on NCM811 electrodes cycled in DME + 0.96 M LiFSI + 12 mM TFP ClOg,. (d) DFT results predicting H-transfer from DME to LiNiO,

positive electrode followed by DME*_
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) reaction with TFP* that leads to the F-enriched CEl formation in the presence of additive.
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of the aluminum current collectors that supported the NCM811
cathode showed that after 160 cycles in the electrolyte with
TFP", the current collector had no signs of corrosion, while in
the additive-free electrolyte a significant roughening of the Al
current collector was observed already after 20 cycles (Fig. S18,
ESIY). Based on the DFT calculations, we suggest that TFP" may
act as a scavenger of chloride ions and chlorine radicals that are
often present in commercial LiFSI, resulting in decreased
corrosion of aluminum and cathode surfaces (Fig. S19, ESIT).

Oxidative decomposition and solvation structure of electrolytes

We hypothesize that the improved oxidation stability of the
electrolyte and stable cycling of NCM811|/Li cells with fluori-
nated cations are due to the formation of a favorable cathode
electrolyte interphase (CEI). We probe this hypothesis using
XPS (Fig. 3¢c) and quantum chemistry calculations (Fig. 3d). XPS of
cycled NCM811 shows that the CEI has a substantial amount of
fluorine in the TFP-containing electrolyte, indicating a possible role
of fluorinated cations in CEI formation (Fig. 3c and Fig. S18-S20
and Table S1, ESIT). According to DFT calculations, direct oxidation
of isolated TFP cation is unlikely due to its high oxidation potential
and electrostatic repulsion (Fig. S1a, ESIT). Next, we considered
participation of TFP'-FSI~ and TFP'—(FSI"), aggregates in CEI
formation. Although these aggregates would not be electrostatically
repelled from the cathode surface, direct oxidation of these com-
plexes is also unlikely within our operating potential window of
3.0-4.2 V vs. Li/Li" (Fig. Slc, ESIf). Therefore, we considered a
different mechanism that involves reaction of TFP cations with
DME radicals [C;HqO,]* that are formed at the cathode surface
(Fig. 3d).*”*° DFT calculations show that this process has a low
energy barrier indicative of fast kinetics (Fig. 3d, central panel).
Further H-transfer’® from the ether tail of the [C;HoO,[*-TFP" to
the cathode surface leads to the formation of radicals that are
scavenged by TFP cations (Fig. 3d, left panel). After that, the formed
molecular aggregates precipitate at the cathode surface (Fig. 3d,
right panel), resulting in the protective CEI that is rich in C-F
containing species which agrees well with the XPS results for the
surface layer formed in the presence of TFP (Fig. 3c and Fig. S20,
ESIY). Apart from the CEI mechanism associated with TFP* forming
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aggregates with DME, we cannot rule out the possibility that TFP-
based products that form at the anode can diffuse to the cathode
and contribute to the CEI formation (i.e. cross-talk). Although DFT
calculations shed light on the interplay between TFP" and DME,
additional in situ experiments are required to unveil how TFP"
participates in the CEI formation. Also, our results show that the
counter-ions for TFP" play an important role in stabilizing the
cathode-electrolyte interphase.

Next, we performed molecular dynamics simulations (MD) to
provide insights into electrolyte structure and the solvation of
the TFP' additive (Fig. 4a and Fig. S21, ESI}). Higher TFP"
concentrations were used in MD simulations to ensure that at
least 12 TFP' cations are present in a simulation cell. Two TFP"
concentrations (0.27 M and 0.14 M TFP) were examined to
understand concentration dependence of additive solvation
(Fig. S22, ESIt). A snapshot of the MD simulation cell is shown
in Fig. 4 together with the representative Li" solvates (Fig. $23,
ESIY). At room temperature, the Li"(DME); solvates are prevalent:
75% of Li" are not coordinated by either ClO,~ or FSI™ anions.
The rest of Li" are part of the Li*/FSI” and Li*/ClO,~ contact ion
pairs (CIPs) shown in Fig. 4c and Fig. S23a-d (ESIY).

Fig. 4b and Fig. S24 (ESIt) show the radial distribution functions
(RDFs) for the respective electrolytes. We observe similar magni-
tudes of the first peak for Li" with ether oxygen atoms of DME
[EO(DME)] and O(ClO, ), while Li-O(FSI) peak is significantly
smaller indicating strong affinity of Li* to DME and CIO,~ anions
compared to FSI~ (Fig. S24, ESI). The TFP'-ClO,~ RDF also shows
a much higher first peak than that for TFP'-FSI™ (Fig. 4b). Inter-
estingly, both magnitude and widths of the first TFP'/CIO,~ peak
(Fig. 4b) are larger than the first peak in the Li’/ClO,~ RDF (Fig. S24,
ESIY), indicating significantly stronger predisposition of the TFP*
cation to form CIPs and aggregates than the corresponding lithium
salts. We observe that while most of Li* (75%) exist as free ions in
agreement with the previous reports for 1 M LiFSI in DME,* a
significant fraction of TFP' cations (~ 80%) participate in CIPs and
aggregates. Negatively charged aggregates such as TFP'(ClO, "), are
expected to be found at the positive electrode surface, while free
TFP" and positive aggregates such as (TFP'),(Anion™) are expected
to be found at the negative electrode surface.
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Fig. 4 (a) A snapshot of the MD simulation cell for 0.91 M LiFSI and 0.27 M [TFP][ClO4] in DME. (b) Radial distribution functions for 0.91 M LiFSl and 0.27 M

[TFP*ICLO47] in DME at 298 K and (c) representative cation solvates for 0.91 M LiFSI and 0.27 M [TFP*][CLO,4 ] in DME at 298 K.
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We observe the following concentration dependence of the
TFP" environments that is summarized in Table S2 (ESIY) for both
[TFP'][ClO,”] concentrations. MD simulations also reveal an
increase in “free” (not coordinated by either anion) TFP" cations
from 21% to 28% as the concentration of TFP' decreases from
0.27 M to 0.14 M. This indicates a greater fraction of free TFP" at
lower concentrations. It is important to emphasize that our electro-
chemical experiments have TFP* concentrations that are ~10-25
times lower than those in the simulated electrolytes. Therefore, we
expect an even higher fraction of free TFP' in the 10-20 mM TFP
solutions yielding a sufficient amount of free TFP' to be electro-
statically attracted to anode surface to participate in formation of
LiF-rich SEI (in agreement with our EQCM-D results, Fig. 2c).

Conclusions

In summary, we demonstrate that high fractions of fluorinated
species in electrolytes are not necessary to generate robust
battery interphases. Instead, a very low fraction of readily
reducible fluorinated cations can be used to form a favorable
fluorine-rich SEI and allow for the deposition of dense Li.
Moreover, we show that fluorinated cations, when coupled with
perchlorate anions, can dramatically suppress the oxidative
decomposition of ether-based electrolytes and corrosion of
the aluminum current collectors, enabling stable cycling of full
cells with nickel-rich high-voltage cathodes with 99.6% cou-
lombic efficiency. In general, we present a strategy for deliver-
ing desired chemical species to the battery anodes through
electrostatic attraction while using minute amounts of additive
and therefore can notably reduce costs and environmental
footprint of implementing high energy batteries.

Materials and methods
Materials

2,4,6-Trifluoropyridine (98%, Matrix Scientific), methyl trifluor-
omethanesulfonate (97%, Matrix Scientific), ion exchange resin
Amberlyst® A26 (hydroxide form, Acros Organics), perchloric
acid (70%, VWR BDH Chemicals), acetonitrile (ACS reagent,
>99.5%, EMD Millipore), dichloroethane (>99.8%, Spectrum
Chemical), methanol (>99.8%, VWR BDH Chemicals) and
anhydrous DME (99.5%, Sigma Aldrich) were used as received
without further purification. LiFSI salt (98.0%, TCI Europe) was
dried under vacuum at 110 °C for 24 hours before use. Unless
otherwise stated, this LiFSI salt (98.0%, TCI Europe) was used
to prepare electrolytes for all measurements. High-purity LiFSI
(99.9%, Solvionic) was used only for measurements presented
in Fig. S14 and S18 (ESIY).

Preparation of ion exchange column in CIO,” form

The desired amount of Amberlyst® A26 ion exchange resin in
OH™ form (approximately 20 g of Amberlyst per 2 mmol of ionic
starting material) was washed with deionized water twice before
loading into a glass column (1.5 cm in diameter). The column
was then flushed with methanol. Perchloric acid solution (2% in
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methanol) was passed through the column until the eluted
solution possessed the same pH value as the original acid
solution; the color of the column also changed from pink to
light yellow during this process. Pure methanol was used to
thoroughly remove acid residue from the column, which was
then washed with acetonitrile to replace the methanol for further
ion exchange. We note that all compounds passed through the
ion exchange column in this work are sensitive to base and
alcohol. Hence, the complete removal of methanol is imperative
for successfully obtaining the desired compounds.

Synthesis of N-methyl-2,4,6-trifluoropyridinium (TFP) perchlorate

N-Methyl-2,4,6-trifluoro-pyridinium triflate (0.5 g, 1.68 mmol) was
synthesized first as reported previously with slight modification.**
Briefly, 2,4,6-trifluoropyridine (0.45 mL, 5 mmol) and methyl
triflate (0.7 mL, 6.4 mmol) were mixed in a 25 mL degassed
Schlenk tube and stirred at 50 °C for 4 h, leading to precipitation
of a white solid. This solid was collected by filtration and washed
with ether (3 x 15 mL). The solid was then recrystallized in an
acetonitrile : dichloroethane 1:3 (v:v) mixture at 60 °C to obtain
the final product (1.4 g, 4.7 mmol, 94%). Approximately 0.5 g
of pure N-methyl-2,4,6-trifluoropyridinium triflate was then dis-
solved in acetonitrile (2 mL) and passed through the CIO,” ion
exchange column with a constant flow of acetonitrile. The eluted
solution (ca. 75 mL) was subject to rotary evaporation to afford the
crude N-methyl-2,4,6-trifluoropyridinium perchlorate solid salt.
The compound was then recrystallized by allowing an acetonitri-
le:dichloroethane 1:3 (v:v) solution to cool from 40 °C to 0 °C to
obtain the final product (0.24 g, 0.97 mmol, 48%).

IR: Vmax 3070 cm™?, 2161 cm™ !, 2034 cm™ %, 1675 cm ™7,
1597 cm ™%, 1496 cm ™}, 1167 cm™*, 1077 cm™ %, 877 cm™ Y, 622 cm ™.

1H NMR (500 MHz, acetonitrile-d3) 6 1.94 (p,J = 2.5 Hz, 1H),
4.02 (s, 1H), 7.64 (dd, J = 7.0, 2.4 Hz, 1H). (Fig. S25a, ESL)

13C NMR (126 MHz, acetonitrile-d3) é 1.31, 35.56, 100.99,
118.26, 159.01, 161.09, 176.58, 178.69. (Fig. S25b, ESL})

19F NMR (471 MHz, acetonitrile-d3) 6 —75.32 (t, J = 28.6 Hz),
—69.33 (s). (Fig. S25¢, ESL1)

HRMS (m/z) N-methyl-2,4,6-trifluoropyridinium cation
[M + H]": Calcd: 148.0368, found: 148.0370; perchlorate anion
[M — H]: Calced: 98.9410, found: 98.8446.

Density functional theory (DFT) calculations

DFT calculations of the additive reduction, oxidation and
reactivity were performed using Gaussian 16 package, revision
C.01.*> All complexes were immersed in implicit solvent repre-
sented using polarized continuum model (PCM) with ether
parameters with the exception of the molecules shown in Fig.
S1 (ESIt). Computationally expedient wB97XD DFT calculations
with a compact 6-31+G(d,p) basis set yielded oxidation and
reduction potentials for additives in good agreement with the
more computationally expensive and reliable hybrid DFT/
wave-function G4MP2 methodology (Fig. S1, ESIt) and were
used throughout the paper. All optimized geometries were
confirmed to be minima without imaginary frequencies. Intrin-
sic reaction coordinate calculations (IRC) are shown in Fig. 3d.
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Reduction potential for the complexes containing an addi-
tive, solvent, Li" denoted as a complex A was calculated as the
negative of the free energy of formation of the reduced species
A~ in solution [AG5eg(A — A7) = G3e5(A™) — G3e5(A)] divided by
Faraday’s constant as given by:

AGysk (A — A7)
F

Ed = - 14V

The difference between the Li/Li* and absolute reduction
potential of 1.4 V was subtracted to convert results to Li/Li"
scale as discussed extensively elsewhere.*® Oxidation potential
for a complex A was calculated as the free energy of formation
of the oxidized specie A" in solution [AG305(A — A") = G3o5(A") —
G3o5(A)] divided by Faraday’s constant as given by:

_ AGSys (A — A7)
F

E** —14V

The H-transfer reaction from DME to LiNiO, cathode surface
was adapted from previous work®® and is shown in Fig. 3d.
Details and discussion of the molecular dynamics simulations
is expanded upon in the ESIL{

Electrochemical characterization

CV profiles were collected using 3-electrode electrochemical
cell with a Cu disc working electrode (& =1 mm, embedded in
PEEK, eDAQ), Au disc working electrode (& = 2 mm,
embedded in Kel-F, CH Instrument), Glassy carbon disc work-
ing electrode (& = 3 mm, embedded in Kel-F, CH Instrument),
a Li chip (& = 4 mm, 250 pm, Xiamen Tmax Battery Equip-
ments Limited) physically attached to stainless steel rod
(McMaster Carr) was used as a counter electrode, leakless Ag/
AgCl was used as a reference electrode (& =5 mm, eDAQ). The
3-electrode CV data were collected using a VSP-300 Biologic
potentiostat.

Li|Li symmetric cell tests were performed using CR2032
coin cell parts (Hohsen Corp), 250 um Li chips (& = 11 mm,
Xiamen Tmax Battery Equipments Limited), and 8 um Cu
current collectors (¥ = 13 mm, Xiamen Tmax Battery Equip-
ment Limited). Two layers of Celgard 2500 were used as a
separator (& = 19 mm). The amount of electrolyte used for
every coin cell was ~40-75 pl. The cells were aged at room
temperature for at least 5 hours before operation. Galvanostatic
cycling was performed for the symmetric cell tests with a
current density of 10 mA cm > (6 min charge and 6 min
discharge, specific areal capacity of 1 mA h em™?).** Biologic
MPG-200 potentiostat and Arbin battery cycler (LBT21084UC)
were used for the data collection.

The coulombic efficiency was obtained by averaging results
of at least 5 independent measurements that were generated
using a modified Aurbach protocol (described below). The
modified Aurbach protocol was performed using asymmetric
Cu|Li coin cells, assembled with 75 pl of electrolyte. The
detailed experimental sequence was the following: (1) 10 CV
cycles were performed to pre-form SEI on a Cu electrode with a
scan rate of 5 mV s~ ' within the voltage range of 0 V to 2.5 V; (2) a
deposition, stripping and re-deposition of excess amount of Li was
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performed (25 mA h em™? with a current density of 2.5 mA cm™?);
(3) 100 galvanostatic Li plating and stripping cycles were performed
at current density of 10 mA cm™ 2 and a specific areal capacity of
1 mA h cm?; (4) final Li stripping was carried out with current
density of 2.5 mA cm™? with a cut off voltage of 1 V.

For full cell tests, a single-sided NCMS811 electrodes
(2 mA h cm™? areal loading on 16 pm thick Al current collector,
99.6%, NEI Corp) were used as a cathode and Li metal chips
(50 pm and 250 pm, Xiamen Tmax Battery Equipments Limited)
were used as anodes. 50 pm thick Li metal anodes were
prepared by thinning 250 pm thick Li foil using a roll press.
20 pm thick Li metal anodes were purchased from China
Energy Lithium Co., Ltd. For full cell cycling tests a constant
current (CC) step was initially used for all charging steps with a
cut-off voltage of 4.2 V followed by a constant current constant
voltage (CCCV) step with the terminating conditions of either
5% of the 1C-rate current or 30 minutes of the constant voltage
step. A CC step was applied for all discharging steps with a cut-
off voltage of 3 V. A sequence of three cycles at 0.1C-rate and
50 cycles at 1C-rate was repeated during full cell testing. EIS data
were acquired using a VSP-300 (Biologic) in a frequency range
from 200 kHz to 100 mHz, with a sinus amplitude of 10.0 mV.

EQCM-D measurements

The frequency and dissipation change for 3-11 overtones were
collected by QCM-D instrument (Biolin Scientific AB for SEI
studies and AWSensors for CEI studies). The measurements
were conducted in a sealed homemade cell connected to a
potentiostat (BioLogic VSP-300). For SEI studies, a 5 MHz Cu-
coated quartz sensor (QC) was served as a working electrode
and Li foil as both counter and reference electrodes. For CEI
studies, a 5 MHz Au-coated QC was served as a working
electrode and Li foil as both counter and reference electrodes.
The gravimetric information was obtained by comparing the
theoretical frequency Fyeo calculated from the faradaic mass
using Sauerbrey equation to the experimental frequency as
given by:*’

where Cy, is the mass sensitivity constant of 5 MHz quartz
sensor, Q is the obtained charge, M,, is the atomic mass of the
inserted cation in its desolvated form, n is the number of
electrons, and F is Faraday’s constant.

Preparation of the cycled Li anode cross-section using
cryogenic focused-ion beam

Sample transfer to the cryo-sample holder was performed
within 3 seconds of air exposure. After sample transfer, the
sample was cooled to below —140 °C and subject to reduced
pressure (ca. 10~°® mbar). Continuous sample cooling was
performed using nitrogen gas during the FIB operation. First,
a preliminary Ga' beam cross-sectional cut was performed with
a current of 5 nA followed by a cleaning cut with a 0.5 nA beam
current.
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X-Ray photoelectron spectroscopy (XPS)

The cycled electrodes were rinsed 3 times with DME prior to
analysis. XPS analysis was performed on a PHI Quantum 2000
using a monochromated Al K, X-ray source (1486.6 eV) with a
pass energy of 30 eV. Sample charging was minimized by
charge compensation with a low energy electron and an Ar
ion gun. XPS data were processed with the CasaXPS software.
The corrected relative sensitivity factors (RSFs) were derived
from in-house Matlab code. The corrected RSF values for Li 1s,
C 1s,N 1s, O 1s, F 1s and S 2p are 0.625, 7.388, 12.075, 18.301,
25.924 and 18.715, respectively. Shirley background subtraction
was applied before peak fitting. Gaussian/Lorentzian product
line functions with 30% Lorentzian and 70% Gaussian con-
tribution were used for fitting each XPS spectrum. The spectra
were calibrated by assigning the Li-F component of the F 1s
spectra to a 685.0 eV binding energy. Samples for XPS were
prepared in three-electrode cell with fixed working electrode
area: Cu (>99.8%, NEI Corporation) or Al metal foils (99.6%,
NEI Corporation) were used as a working electrode (geometrical
area of 0.126 cm™ %) and 250 pm Li metal (& = 11 mm, Xiamen
Tmax Battery Equipments Limited) as a counter and Ag/AgCl
leakless electrode (eDAQ) as a reference electrode. The cycled
NCMS811 and Li metal samples were retrieved from 2032-type
coin cell samples. The cells were disassembled, and the
retrieved electrodes were washed three times with fresh DME
prior to analysis. A custom-made transfer vessel was used for
air-free transfer of the samples to the XPS machine.

FTIR measurements

Ex situ ATR-FTIR spectra were obtained by averaging 128 scans
using a Vertex-70v spectrometer equipped with a high-
resolution MCT detector and a Specac Golden Gate Diamond
ATR accessory.

Raman measurements

The ex situ Raman spectra were obtained with 0.5% laser power
(785 nm laser) and 20x magnification using a Renishaw InVia
Raman microscope.

NMR spectroscopy

"H-, *C- and '°F-solution nuclear magnetic resonance (NMR)
spectra were recorded at room temperature on a Bruker
ASCEND 400 spectrometer. Acetonitrile-d; was used as solvent
for all measurements. Spectra were analyzed using MestRe-
Nova. For indirect referencing, the magnet was locked and
shimmed using a sample containing 0.4 mL DME and 0.1 mL
acetonitrile-d; (referenced to residual solvent signals of
acetonitrile-d;), and subsequent samples were measured with-
out locking/shimming.
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