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Lithium metal batteries are a significant promise for next-generation energy storage due to their high
energy density. However, challenges persist in their commercialization stemming from issues during the
lithium deposition/dissolution processes, such as low Coulombic efficiency, dendrite formation, and
dead-lithium formation. Addressing these challenges requires careful electrolyte design to enhance the
reversibility of the lithium metal negative electrode by modifying solvation structures and engineering
interfaces. The Coulombic efficiency of lithium deposition/dissolution is one of the most crucial factors
in evaluating the performance of electrolytes toward lithium metal, although this is influenced by various
factors. In this study, a separator-free cell is adopted to minimize extraneous influences and focus on
assessing the intrinsic effects of electrolytes on lithium deposition/dissolution. 48 different electrolytes
based on three salts of Li[PFgl, Li[FSA] and Li[TFSA] varying in solvents were investigated with or without
additives. Moreover, Raman spectroscopy and X-ray photon spectroscopy enhance the discussion by
revealing variations in the major species of solid electrolyte interphase components under different
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1 Introduction

Lithium-ion batteries (LIBs) have gained widespread popularity
due to their long lifespan.’ Over the past three decades, their
performance has significantly increased.”® However, the energy
density of LIBs based on intercalation electrode materials is
gradually approaching its theoretical limit, which fails to meet
the increasing demands for higher energy densities in energy
storage systems.”® Specifically, a target of 500 W h kg™ * has
been set for next-generation secondary batteries, while conven-
tional LIBs usually offer energy densities below 300 W h kg™
(based on a LIB including active materials and cell-housing
components).®® In response to this challenge, lithium metal
batteries (LMBs), which employ lithium metal as the negative
electrode material, have been attracting attention as the next-
generation batteries to fulfill these demands.”" The use of
lithium metal negative electrode is particularly promising,
offering the lowest standard reduction potential (—3.04 V vs.

Graduate School of Energy Science, Kyoto University, Yoshida-honmachi, Sakyo-ku,
Kyoto 606-8501, Japan. E-mail: matsumoto.kazuhiko.4c@kyoto-u.ac.jp,

hwang. jinkwang.5c@kyoto-u.ac.jp

t Electronic supplementary information (ESI) available: Detailed material pre-
paration, physical and chemical data, additional electrochemical measurement
data and results. See DOI: https://doi.org/10.1039/d4ya00245h

1 Equal contribution.

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

SHE), which results in higher working voltages than any
other negative electrodes, and a theoretical capacity that is
about ten times higher than that of graphite (3860 mA h g~ " vs.
340 mA h g " based on the charged state). Furthermore, the
study on lithium metal negative electrode is expanding beyond
current positive electrode materials to explore conversion-type
positive electrode materials, such as in lithium-sulfur (Li-S)
batteries and lithium-air (Li-air) batteries."

Despite the promising features of lithium metal negative
electrodes, they face several challenges that limit their practical
application in secondary batteries, one of which is the poor
reversibility of lithium deposition/dissolution processes.'*'*
Firstly, uneven lithium ion flux and surface defects can lead to
dendritic lithium metal growth, worsening with cycling and
increasing the risk of short circuits and fires due to potential
piercing of the separator and contact with the cathode. Secondly,
the high reactivity of lithium metal with the electrolyte leads to
irreversible side reactions and the formation of solid electrolyte
interphase (SEI). A robust and effective SEI can prevent further
side reactions, while organic-dominated SEI with low ionic
conductivity (for example, derived from commonly used carbo-
nate electrolytes) degrades metal electrode performance.
Furthermore, lithium deposition/dissolution accompanies sig-
nificant volume changes and internal structure destruction,
potentially damaging the existing SEI and leading to continuous
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consumption of the freshly exposed lithium metal and electrolyte.
This process also led to the formation of inactive lithium, known
as “dead lithium”, causing capacity loss. It is crucial to highlight
that the mechanical properties of the SEI are highly dependent on
a balanced composition. An optimal SEI should consist of a
robust inorganic inner layer to improve reversibility and a flexible
organic outer layer to accommodate the volumetric changes
during cycling. These issues not only consume a large amount
of electrolyte and active lithium but also increase battery impe-
dance, leading to severe capacity degradation.’> To solve these
problems, several strategies have been proposed focusing on
electrolyte engineering,'*" the formation of artificial SEI and
interface modification,*** utilizing the three-dimensional struc-
ture of current collectors,*** and modifying separators.”>°
Among these strategies, electrolyte engineering stands out
as an effective and facile method for enhancing battery perfor-
mance and longevity.>”>® On one hand, the use of base solvents
compatible with lithium metal, such as ethers and ionic
liquids, offers relatively better reduction stability and robust
SEI formation capabilities, resulting in improved reversibility
of lithium deposition and dissolution.'®**3*° Another widely
studied approach for stabilizing the SEI involves the use of
additives. For example, the addition of FEC (fluoroethylene
carbonate) has been reported to lead to the formation of a
stable and LiF-rich SEI, effectively suppressing dendrite
growth.'® Moreover, the concept of high-concentration electro-
lytes has facilitated the accessibility of lithium metal negative
electrodes, bringing the role and impact of solvation chemistry
in battery electrolytes into intensive focus.*" In this context, the
Coulombic efficiency (CE) of lithium metal deposition and
dissolution process on a current collector, typically Cu, serves
as a crucial indicator of electrolyte performance.**** However,
CE measurements are susceptible to various factors, making it
difficult to reproduce results even with similar cell designs and
complicating the comparison across different electrolytes.
For instance, in the widely used lithium-copper coin cells lab
level, the reversibility of lithium metal is significantly influ-
enced by cell components, including the porous separator and
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spring,**~*” conventional polyolefin-based microporous separa-
tors play an essential role in electronically insulating the
positive and negative electrodes while also regulating lithium-
ion transport, which is a critical factor in lithium metal
deposition/dissolution. Additionally, mechanical pressure
plays a significant role in determining the morphology and
cycling behavior of the ductile lithium metal.

Therefore, to focus on the electrolyte properties affecting the
reversibility of lithium metal, other influencing factors need to be
eliminated. This study aims to obtain comprehensive data on the
impact of electrolytes on the deposition and dissolution of lithium
metal. So thus, herein, separator-free cells are employed as shown
in Fig. 1a and b, which replace the separator with a hollow spacer
with a fixed thickness of 1 mm. The hollow tube-shaped space
(thickness of 1 mm, outer diameter 20 of mm and inner diameter
of 12 mm) is filled with the electrolyte, and the electrodes are
separated by the liquid electrolyte, eliminating variability intro-
duced by conventional separators. This setup also allows for
minimizing external factors of the microporous separator and
the impact of pressure on different performance evaluations.
Meanwhile, commonly used lithium salts were examined, includ-
ing Li[PF¢], Li[FSA] (FSA™ = bis(fluorosulfonyl)amide), and Li[TFSA]
(TFSA™ = bis(trifluoromethanesulfonyl)amide), as well as a variety
of electrolyte solvents encompassing ethers, carbonates, sulfones,
phosphates, and Ionic liquids. Additionally, two prevalent addi-
tives, FEC and LiNO; were selected. A total of 48 combinations have
been prepared using different concentrations of lithium salts,
solvents, and additives. All the electrolyte species involved are
shown in Fig. 1c.

2. Experimental details
2.1 Materials

All the moisture- and air-sensitive materials were handled and
prepared under a dry Ar gas atmosphere (H,O < 1 ppm and
0O, < 1 ppm) in a glove box (Miwa Manufacturing Co., Ltd). All
the prepared electrolytes are listed in Table S1 (ESIt). Three
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Fig. 1 Schematic illustration of a separator-free cell: (a) Front and (b) cross-sectional views. (c) Anion, cation, and solvents species comprising

electrolytes involved in the investigation.
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types of salts were used: Li[PFy] (Kishida Chemical, purity >
99.9%), Li[FSA] (Kishida Chemical, purity > 99.9%), and
Li[TFSA] (Kishida Chemical, purity > 99.9%), and twelve types
of solvents were employed (see Fig. 1c for abbreviation): SL
(Kishida Chemical, purity > 99.5%), TMP (Kishida Chemical,
purity > 99.0%), TEP (Kishida Chemical, purity > 99.0), DMC
(Kishida Chemical, purity > 99.5%), PC (Kishida Chemical, purity
> 99.5%), EC: DMC (1:1 v/v, Kishida Chemical, purity > 99.5%),
AN (Kishida Chemical, purity > 99.5%), DMSO (Kishida Chemical,
purity > 99.0%), G2 (Kishida Chemical, purity > 99.0%), DME
(Kishida Chemical, purity > 99.5%), [C;C;pyrr|[FSA] (Kanto
Chemical, purity > 99.9%), [C,C,im][FSA] (Kanto Chemical, purity
> 99.9%), [C3Cypyrr|[TFSA] (Kanto Chemical, purity > 99.9%),
and [C,C;im]|[TFSA] (Kanto Chemical, purity > 99.9%). FEC
(Kishida Chemical, purity > 99.5%) and LiNO; (Sigma Aldrich,
purity > 99.99%) were used for additives. Li[FSA], Li[TFSA],
[C3Cypyrr][FSA], [C,Ciim][FSA], [C5Cypyrr|[TFSA], and
[C,C,im][TFSA] were vacuum-dried at 60 °C for more than 24 h.

2.3 Cell assembly and electrochemical measurements

A separator-free cell shown in Fig. 1a and b was employed for
electrochemical measurements. The working electrode was Cu
foil, and the counter electrode was lithium metal with a diameter
of 20 mm. Oxides on the Cu foil surface were removed with dilute
hydrochloric acid and washed with ethanol in an atmospheric
environment. The cell was subsequently assembled under an Ar
atmosphere. Lithium metal was cut and shaped after removing
the surface oxides. A spacer was placed between the electrodes,
and the interior hollow of the spacer (inner diameter: 12 mm,
thickness: 1 mm) was filled with the electrolyte.

Lithium deposition/dissolution measurements were conducted
using an electrochemical measurement apparatus (VSP, Bio-Logic
Co). The operating temperature was maintained at 25 °C in a
thermostatic chamber (SU221, ESPEC), and the tests were initiated
after 3-hour rest. At a constant current density (1 mA cm™?),
lithium was deposited onto the Cu foil (1 mA h cm™?), followed
by the dissolution with the reversed current. The cutoff voltage was
set at —0.5 V for the deposition reaction and +0.5 V for the
dissolution reaction. The tests were conducted for 10 cycles.

2.4 Characterization

The SEI layer components were analyzed using X-ray photoelec-
tron spectroscopy (XPS) (JEOL, JPS-9030, Mg Ko source). The
electrodes after electrochemical tests limited to one cycle were
washed with PC and THF (tetrahydrofuran), and then dried
under vacuum. Raman spectra were recorded on a Raman
instrument (Thermo Scientific, DXR3) using the 532 nm excita-
tion line of a diode-pumped solid-state laser.

3 Results and discussion
3.1 Cycle performance of Li metal deposition/dissolution

The lithium deposition/dissolution behavior on a Cu working
electrode was scrutinized in separator-free cells for 46 different
electrolytes, excluding Li[PF¢] in either DME or G2 due to its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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low solubility (<1 M).*® Table 1 collates the first and second
CEs, the average CE for overall 10 cycles, and the overpotential
at 0.2 mA h em ™2 during the second cycle of lithium deposition/
dissolution test in the Li/Cu cell. The specific charge-discharge
curves for each electrolyte are presented in Fig. S1-S3 (ESIY). In
cases where the voltage fell below the cutoff or short-circuited
to 0 V from the second cycle onward, preventing the same
amount of lithium deposition, the CE was calculated for the
preceding cycles. Otherwise, the CE was calculated for each
cycle based on the ratio of the quantities of electricity during
deposition (1 mA h em™?) and dissolution.

The performance of the investigated electrolytes is visually
represented in a descending order of CE for the first (Fig. 2a)
and second cycles (Fig. 2b), respectively. Overall, the use of the
separator-free cell results in lower CEs compared to conven-
tional coin cells with separators. For instance, 1 M Li[FSA] in
DME exhibited an initial CE of only 26.2% and an average CE of
merely 41.8%, significantly lower than the values of over 97%
reported in the literature using PP separators.'® This discre-
pancy arises because separators in coin cells exert additional
pressure on the electrode surface, thereby enhancing the
density and reversibility of lithium deposition. However, in
separator-free cells, the electrode distance is maintained by
spacers, leading to no pressure on the electrolyte within these
spacers and, consequently, insufficient interfacial pressure to
anchor lithium metal on the electrode surface or reactivate
generated dead lithium. Nonetheless, these cells minimize
the impact of external factors from cell assembly and experi-
mental handling, allowing for a focused examination of the
key factors affecting the performance of the electrolyte itself.
From the trends of CE in Fig. 2, these influencing factors can
still be categorically divided into the type of solvent and
salt, salt concentration, and the presence of additive. Each
parameter will be further discussed in subsequent Sections
in 3.2.

It is also noteworthy that in certain cycles, such as with 4 M
Li[FSA]-EC:DMC + FEC, the 8th CE exceeded 100% (Fig. S2j,
ESIt). Such an anomaly was included in the average value
calculation because the CE exceeding 100% is attributed to
“dead lithium” generated in earlier cycles becoming conduc-
tive again, and dissolving back into the electrolyte.>® Further-
more, results for electrolytes such as 1 M Li[PF,]-TEP, which fell
below the cutoff voltage immediately after the first cycle, were
excluded from the CE calculation due to almost no lithium
being deposited. For the IL electrolyte containing 20 mol%
Li[TFSA]-[C,C,im][TFSA] (Fig. S31, ESI{), even when the cutoff
voltage was set to £2.5 V, it reached this limit during the first
cycle’s lithium deposition process, resulting in no reversible
lithium deposition and dissolution reaction. In 20 mol%
Li[TFSA]-[C3;C;pyrr][TFSA] (Fig. S3k, ESIf), although the cell
voltage reached the cutoff limit during the lithium deposition
process in all cycles, a small amount of lithium dissolution was
observed. These outcomes are likely due to the relatively high
viscosity and low ionic conductivity of the TFSA-based ionic
liquids,* coupled with the increased overpotential due to the
longer working distance of 1 mm in separator-free cells

Energy Adv., 2024, 3,1653-1661 | 1655
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Table 1 Summary of the first cycle, the second cycle, and the average Coulombic efficiency (CE) and overpotential at 0.2 mA h cm™2 in the second cycle

of Li metal deposition/dissolution tests

Salt Concentration Solvent Additive 1st CE (%) 2nd CE (%) Average CE (%) Overpotential (V)
Li[PF 1M SL 26.4 39.1 48.7 0.177
Li[PF, 1M TMP 5.2 7.2 7.2% 0.302
Li[PF¢ 1M TEP

Li[PFg 1M DMC

Li[PF¢ 1M PC 67.0 78.0 73.2 0.155
Li[PF¢ 1M EC:DMC 54.8 76.3 84.6 0.125
Li[PF 1M EC:DMC 3 wt% FEC 83.3 94.4 86.1¢ 0.032
Li[PF, 1M AN

Li[PF 1M DMSO 19.3 29.7 27.1¢ 0.112
Li[PF, 1M G2 — — — —
Li[PF¢ 1M DME — — — —
Li[FSA 1M SL 68.3 84.2 81.5 0.072
Li[FSA 1M TMP

Li[FSA 1M TEP

Li[FSA 1M DMC 1.1 2.0 2.5 0.184
Li[FSA 1M PC 60.5 78.8 80.0 0.122
Li[FSA 1M PC 3 wt% FEC 85.4 92.5 92.7 0.167
Li[FSA 4 M PC 89.6 92.4 88.4 0.118
Li[FSA 4 M PC 3 wt% FEC 84.6 93.3 84.4 0.120
Li[FSA 1M EC:DMC 49.4 86.0 84.1 0.068
Li[FSA 1M EC:DMC 3 wt% FEC 89.0 90.0 84.4 0.094
Li[FSA 4 M EC:DMC 82.4 89.1 88.7 0.070
Li[FSA 4 M EC:DMC 3 wt% FEC 82.2 94.4 92.0 0.105
Li[FSA 1M AN

Li[FSA 1M DMSO 21.3 34.9 34.4 0.054
Li[FSA 1M G2

Li[FSA 1M DME 26.2 40.2 41.8 0.034
Li[FSA 1M DME 3 wt% LiNO; 67.2 90.2 90.2¢ 0.071
Li[FSA 4 M DME 66.4 70.0 60.6% 0.058
Li[FSA 20 mol% [C3Cypyrr][FSA] 441 71.9 68.1 0.094
Li[FSA 40 mol% [C5C,pyrr][FSA] 66.9 74.5 72.9 0.080
Li[FSA 20 mol% [C,Cyim][FSA] 69.9 61.3 63.3 0.045
Li[FSA 40 mol% [C,C,im][FSA] 81.2 70.3 77.8 0.054
Li[TFSA 1M SL 58.7 80.2 70.0 0.071
Li[TFSA 1M T™P

Li[TFSA 1M TEP 11.1 19.6 15.3¢ 0.281
Li[TFSA 1M DMC 4.4 7.7 3.2 0.201
Li[TFSA 1M PC 44.4 83.0 83.7 0.134
Li[TFSA 1M EC:DMC 57.2 87.1 90.3 0.070
Li[TFSA 1M EC:DMC 3 wt% FEC 77.0 73.2 87.5 0.078
Li[TFSA 1M AN

Li[TFSA 1M DMSO

Li[TFSA 1M G2 15.8 16.8 16.4 0.065
Li[TFSA 1M DME 19.3 13.1 10.7 0.091
Li[TFSA 1M DME 3 wt% LiNO; 86.5 91.2 91.7 0.078
Li[TFSA Saturated DME 26.5 60.9 60.5 0.116
Li[TFSA 20 mol% [C3Cypyrr][TFSA]

Li[TFSA 20 mol% [C,C,im][TFSA]

“ Electrolytes that lost cycle performance within 10 cycles. Average CE was calculated using data from only the 2nd cycle for 1 M Li[PF¢]-TEP, the
2nd to the 7th cycles for 1 M Li[PF4]-EC:DMC 3 wt% FEC, the 2nd to the 4th cycles for 1 M Li[PF¢]-DMSO, only the 2nd cycle for 1 M Li[FSA]-DME
3wt% LiNO;, the 2nd to the 6th cycles for 4 M Li[FSA]-DME, and the 2nd to the 3rd cycles for 1 M Li[TFSA]-TEP.

compared to traditional microporous separators (measured in
tens of micrometers).

3.2 Parameters for Li metal deposition/dissolution

3.2.1 Effects of salt and solvent. As illustrated in Fig. 2 and
Table 1, under conditions of 1 M concentration without addi-
tives, the CE varied significantly, depending on the type of
solvents rather than the type of salts. For example, as compared
to the lowest and highest Coulombic efficiencies in the second
cycle using the same salts. The results observed as A70.8%
(comparing 1 M Li[PFs[-TMP to 1 M Li[PF¢]-PC), A84.0%
(comparing 1 M Li[FSA]-DMC to 1 M Li[FSA]-EC:DMC), and

1656 | Energy Adv., 2024, 3,1653-1661

A79.4% (comparing 1 M Li[TFSA]-DMC to 1 M Li[TFSAJ-
EC:DMC). At this concentration, these variations indicate a
strong dependency of lithium deposition/dissolution on the
type of solvent used.

Notably, certain solvents such as AN, TEP, DMC, TMP, and
DMSO exhibited similar behaviors. These solvents caused
either an inability to cycle due to the reaction potential imme-
diately reaching the cutoff voltage or a significantly low CE
below 20% (Fig. S4, ESIt). This poor cyclability can be attrib-
uted to the chemical instability of the electrolytes. Electrolytes
based on such as AN can be severely decomposed during
lithium deposition. In fact, yellow decomposition products

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The CE of lithium deposition/dissolution test for the investigated electrolytes in the separator-free cell (Li/Cu) for (a) the first and (b) second
cycles. Square, circle, and triangle symbols indicate Li[PFg]-, Li[FSAl-based, and Li[TFSA]-based electrolytes, respectively. Blue color indicates the
concentration of 1 M electrolytes and red color does the high concentrations of 4 M, 40 mol%, or saturated electrolytes. Filled and unfilled symbols

denote the absence and presence of additives, respectively.

were observed in 1 M Li[FSA]-AN. AN spontaneously reacts with
lithium metal, a strong reductant, which can lead to irreversible
cycles.*! The absence of a correlation between the overpotential
and the CE during the second cycle further supports the notion
that the issue stems from the reductive stability of the electro-
lyte, rather than solvation, ion transport, or other kinetic
factors (see Fig. S2, ESIf).

In contrast, SL, PC, and EC:DMC-based electrolytes show
high CE. On the other hand, pure DMC solvents resulted in
lower cycle performance; however, the inclusion of EC to form
EC:DMC mixtures led to enhanced cycling performance. This
improvement is attributed to the preferential formation of Li*
and EC pairs, which are believed to form stable SEI and inhibit
further electrolyte decomposition.*” Upon comparing the CE of
nine electrolytes derived from three distinct solvents (SL, PC, and
EC:DMC) and salts (Li[PF¢], Li[FSA], Li[TFSA]), a higher CE was
not consistently attributed to specific solvents or salts (Fig. S5,
ESIT). The results suggest that Li[PFs] with PC, Li[FSA] with SL,

and Li[TFSA] with EC:DMC were good matches. However, 1 M
Li[PF¢]-SL shows a clearly lower CE.

The bad match between Li[PFy] and SL might be caused by
the close reductive potentials of SL and [PF¢] .** In contrast,
[FSA]™ and [TFSA]™ undergo reductive decomposition at higher
potentials, leading to the formation of inorganic SEI compo-
nents such as LiF.

For subsequent experiments, PC was selected, which
demonstrated high compatibility with all the three salts, to
further analyze the composition of the SEI. Fig. 3 shows the
results of XPS analysis for the PC-based electrolytes to char-
acterize the composition of the SEI layer on Cu electrodes after
one cycle.

The F 1s spectra of the Cu substrates in 1 M Li[PF¢]-PC, 1 M
Li[FSA]-PC, and 1 M Li[TFSA]-PC electrolytes reveal the presence
of LiF in the SEI across all the electrolytes with its quantity
correlating with the CE value in the first cycle CE. It was further
corroborated in the Li 1s spectra, where a significant increase
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in peaks attributed to LiF was observed in 1 M Li[PF¢]-PC,
consistent with the F 1s spectra. The exixitence of LiF in SEI,
which contributes to the rigid frame due to its very low
solubility, effectively enhances the reversibility of lithium
deposition/dissolution process, despite that its detailed mecha-
nism still remains a topic of debate in research.** The C 1s
spectra demonstrated peaks associated with the decomposition
of the solvent, underscoring the solvent’s contribution to the
SEI formation under conventional salt concentrations. Fig. 4
shows the Raman spectra of three PC-based electrolytes. The
peaks associated with free PC (712 cm™ ') and solvated PC
(720 cm™") were observed across all the electrolytes.*> Although
there are still some differences in SEI components by the type
of salts, uncoordinated solvent molecules are prevalent and
participate in SEI formation alongside inorganic components
derived from anions under the condition of 1 M concentration.

3.2.2 Effects of concentration. Comparing electrolytes at
low concentrations (1 M in solvent systems or 20 mol% in ionic
liquid systems) and high concentrations (4 M and saturated in
organic solvent systems, or 40 mol% in ionic liquid systems),an
increasing in concentration led to an increase in CE (Fig. 5). A
notable example is Li[FSA] in DME, where the CE in the first
cycle increased from 26.2 to 66.4% as the salt concentration
was raised. This trend of increasing CE with concentration was
also observed in previously reported separator-equipped coin
cells using the Li[FSA]-DME system.'® However, the addition of
FEC and LiNO; did not further improve the 1st cycle CE at high-
concentration electrolytes. It is important to note that the first
cycle CE is not affected by an additive in the high concentration
electrolytes. The further role of additives will be discussed later
in 3.2.3.

Fig. 6 illustrates the variation in Raman shift with increased
concentration for Li[FSA]-DME. The peaks at 719, 732, and
750 cm ™ are attributed to the S-N-S bending mode of [FSA]~ in
solvent-separated ion pairs (SSIP), contact ion pairs (CIP), and
ion aggregates (AGGs), respectively.’®*” Furthermore, the peaks

5 [ 1TML[PFJPC
frePT PC l—— 1 M Li[FSAJ-PC
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,//\W

Intensity

|~
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Fig. 4 Raman spectra of 1 M Li[PF¢]-PC, 1 M Li[FSA]-PC, and 1 M Li[TFSA]-
PC.
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Fig. 5 Effects of electrolyte concentration on the 1st cycle Coulombic
efficiency of Li metal deposition/dissolution.

around 823 and 849 cm ' are assigned to the the C-O-C

stretching mode of uncoordinated DME, while the peak around
874 cm™ ' originates from DME coordinated with Li*. As the
concentration increased, the peak intensity of uncoordinated
DME decreased, while that of Li*-coordinated DME increased.
Furthermore, the peak associated with SSIP declined, and the
peak corresponding to AGGs appeared.

The composition of the SEI layer on Cu electrodes after one
cycle was characterized using XPS for 1 M Li[FSA]-PC, 4M
Li[FSA]-PC, and 1 M Li[FSA]-PC + FEC electrolytes. The F 1s,
Li 1s, and C 1s spectra of the three electrolytes are shown in
Fig. 7a, b and c, respectively. Focusing on 1 M Li[FSA]-PC and
4 M Li[FSA]-PC, the XPS analysis of the F 1s peak identified S-F
and LiF as predominant components, indicating an increased
presence of LiF in the 4 M electrolyte compared to the 1 M
variant. This observation suggests a greater involvement of the
decomposition of [FSA]™ within the SEI layer. It is because, in
highly concentrated electrolytes, the coordination structure
around Li" changes significantly, with Li" being coordinated
more by anions rather than solvent molecules. This transfor-
mation leads to the formation of a more stable and inorganic-
rich SEI The enhanced contribution of anions to SEI formation
in highly concentrated electrolytes results in a more robust SEI

1 M Li[FSA]-DME
4 M Li[FSA]-DME

SSIP CIP AGGs

free DME ; Coordinated

| DME

Intensity

650 700 750 800 850 900 950

Raman shift (cm™")
Fig. 6 Raman spectra of 1 M Li[FSA]-DME and 4 M Li[FSA]-DME.

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00245h

Open Access Article. Published on 29 May 2024. Downloaded on 6/15/2026 6:37:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy Advances Paper
LiF LiF
. ~ c-cicH
(@) | F1s ()| Lits N (c)| c1s -
SF 1 M L[FSA-PC+FEC] b 1 M LI[FSA}-PC+FEC] c=0 y \ Li-C
Lol . / ] c=0_ "
N —— — ———
LiF
2z = : 2z C-CIC-H
g // g LiF g
S g V/ [} —\ o) / 4 M Li[FSAPC|
2 S- F, A SRS £ e L 4 MLIFSA-PC] 2 6t co/ !
MP‘— - I~~~ | =2 =L 0 L,If_ )
S-F C-C/C-H
- TMLFSALPC
/,_\ LiF /-\ [t MLI[FSAL-PC]
ST e c=0 c-y
L— = VL Li-C
— e
692 550 68 o0 o0 562 680 60 58 56 54 52 50 294 202 290 288 286 284 282 280

Binding Energy (eV)

Fig. 7 XPS analysis of the SEI layers formed on Cu foil in the 1 M Li[FSA]-PC, 4M Li[FSA]-PC,

(c) C 1s regions.

that is less reactive with the electrolyte. The XPS analysis of the
Li 1s peak is consistent with the F 1s spectra, revealing that the
4 M electrolyte contained a higher proportion of LiF within
the SEI The C 1s peaks indicate solvent decomposition in both
the electrolytes.

3.2.3 Effects of additive. Fig. 8 indicates the change in CE
in the first cycle due to the addition of FEC and LiNO;.
Comparing adjacent electrolytes, at 1 M concentration, the
inclusion of additives notably enhanced the first cycle CE in
all electrolytes. This enhancement at 1 M concentration is
attributed to the role of additives in the initial formation of
the SEI layer. As shown in the XPS spectra (Fig. 7), the addition
of FEC led to an increase in the amount of LiF. Given the lower
LUMO energy of FEC (—0.87 eV) compared to EC (—0.38 eV) and
other linear carbonates (DEC, 0 €V),"® FEC can be preferentially
reduced and form a compact and stable LiFE-rich SEI layer,
thereby improving CE. Similarly, LiNOj; possessing low
reduction stability, is preferentially reduced, contributing to
the formation of a nitrogen-containing interphase on the
electrode and enhancing the conductivity of lithium ions
within the SEI layer.*®

Conversely, at a higher concentration (4 M), the influence of
FEC addition was minimal, which is likely due to the increase
of ion pairs and aggregates at higher concentrations, causing
the shift of reductive species from solvent to anion, resulting in
the preferential reduction and decomposition of the anion as
mentioned earlier. Hence, the incorporation of additives may
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Fig. 8 Effects of additives on the 1st cycle Coulombic efficiency of Li
deposition/dissolution tests. Additive: FEC for carbonate electrolytes and
LiNOs for ether electrolytes.
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and 1 M Li[FSAI-PC + FEC. (a) F 1s, (b) Li 1s, and

not consistently yield favorable outcomes; it can also adversely
affect bulk properties. For instance, additive can cause an
undesirable increase in viscosity and a decrease in ionic con-
ductivity, distinct from the benefits associated with higher
concentrations.*® However, in the CEs during the first 10 cycles
focused in this study, the introduction of a small amount of
additives in high-concentration electrolytes, as well as in their
derived localized high concentration electrolyte, still plays a
crucial role in maintaining robust SEI for the electrolyte’s long-
term cyclability.>*"!

4. Conclusions

In conclusion, this study exclusively assessed the impact of
electrolytes on this fundamental process by employing a
separator-free cell to minimize external influences on lithium
metal deposition/dissolution. Comprehensively selected 48
electrolytes were prepared by varying solvent type, salt type,
concentration, and the presence of additives. Among them,
lithium deposition and dissolution tests were conducted on 46
electrolytes. Initially, evaluation focusing on electrolytes at a
1 M concentration revealed a number of free solvent molecules
exist at this concentration and CE significantly depends on the
type of solvent. Interestingly, carbonate solvents with FEC show
very high CEs. In highly concentrated electrolytes, there was
transformation in the coordination structure around Li", char-
acterized by an increase of coordinated solvents and CIP and
AGGs anions, leading to an enhanced contribution of anions to
the SEI formation. The inclusion of easily reducible solvents or
salts as additives resulted in anion-derived SEI formation. It is
worth mentioning that combining two approaches of increas-
ing concentration and additives did not necessarily yield the
highest CE.

Separator-free cells stand as a pivotal guide to amplifying
and focusing on the role of electrolyte itself. By enhancing the
CE, these insights could better facilitate applications in more
practical low-pressure cell systems. These comprehensive
lithium deposition/dissolution results underline the potential
of optimizing electrolyte to achieve higher efficiency and stabi-
lity in lithium metal batteries, especially in environments
where electrolyte and electrode interactions are critical for
overall performance.
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