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Design of an LiF-rich interface layer using high-
concentration fluoroethylene carbonate and
lithium bis(fluorosulfonyl)imide (LiFSI) to stabilize Li
metal batteries

Huan Li®*2 and Yanxiao Li°

The development of high-energy-density Li metal batteries is limited by the uncontrollable growth of Li
dendrites and an unstable Li/electrolyte interface during long-term Li plating/stripping. In this work,
using high-concentration fluoroethylene carbonate (FEC) electrolyte, an LiF-rich interface layer was
generated on the Li metal surface. This LiF-rich interface layer could effectively inactivate the high
reactivity of the Li metal surface and suppress lithium dendrite growth, forming a uniform and dense
structure at the Li/electrolyte interface to stabilize Li metal batteries. Owing to the enhanced interface
stability offered by the high-concentration FEC electrolyte with LiFSI additive, the Li||LiFePO,4 cell
presented high capacity retention (89.1%) after 200 cycles at 1C (165 mA g~%) and retained over
133.7 mA h g~* at 10C rate, whereas only 115.0 mA h g~ was achieved in the traditional carbonate ester
electrolyte. The results show an obvious improvement in the cycle performance and rate capability of Li

rsc.li/rsc-advances

1. Introduction

Lithium (Li) metal, which has a high theoretical specific
capacity (3860 mA h g~ ') and a low electrochemical potential
(—3.04 V vs. standard hydrogen electrode)," is deemed a prom-
ising anode material for high-energy-density lithium ion
batteries.?

However, uncontrolled lithium dendrite growth during long-
term plating/stripping leads to a low coulombic efficiency and
serious safety issues, making metallic lithium anodes unsuit-
able for practical application. An optimal strategy to improve
the electrochemical performance of Li metal batteries is
employing an LiF-rich interface layer.>*

Herein, we report a facile strategy to fabricate a uniform and
dense LiF-rich interface layer on the highly electrochemically
reactive Li metal surface, which avoids the use of special addi-
tives and complex interfacial modifications.>” Lithium bis(-
fluorosulfonyl)imide (LiFSI) and fluoroethylene carbonate (FEC)
were used as the lithium salt and solvent, respectively, which
significantly improved the fast-charging capability and cycling
stability of Li metal batteries. LiF is a good electronic insulator
and can block electron tunnelling through the SEI, which has
been deemed the main factor contributing to sustained elec-
trolyte decomposition and lithium dendrite growth; therefore,
an LiF-rich interface layer can effectively stabilize the
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metal batteries containing a high-concentration FEC electrolyte with LiFSI as an additive.

electrodeposition of lithium ions.*® FEC can lead to the gener-
ation of LiF-rich solid-electrolyte interface (SEI) on the surface
of Li metals, effectively alleviating lithium dendrite growth and
capacity fading and improving the coulombic efficiency (CE)
and cycling performance significantly. Meanwhile, the lowest
unoccupied molecular orbital (LUMO) energy of LiFSI (—1.70
eV) is lower than those of FEC (—0.87 eV), EMC (—0.1 eV) and
DEC (0 eV), indicating its higher tendency to react with Li metal
than the solvent molecules under standard conditions.>'*'* The
reduction of FSI anions on the Li metal surface would produce
more fluorine-rich species in the interface layer.*'>** In this
paper, we designed a LiF-rich interface layer using high-
concentration FEC combined with lithium bis(fluorosulfonyl)
imide (LiFSI) to stabilize Li metal batteries and minimize the
electrodeposition of lithium ions, which improved the electro-
chemical performance of the Li||LiFePO, cell significantly.
Especially, in this review, the proposed structure and compo-
sition of SEIs are focused upon and the role of LiF and Li,CO3 in
SEI is further analyzed.

2. Experimental details
2.1 Electrode preparation

To prepare the electrode, 94 wt% LFP (lithium iron phosphate)
powder (Jiangsu Lenengy Battery Joint-stock Co., Ltd), 2.5 wt%
polyvinylidene fluoride (PVDF) (Arkema (Changshu) Fluo-
rochemical Co., Ltd) and 3.5 wt% carbon black (Super P; Imerys)
were mixed uniformly. Then, the prepared slurry was coated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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onto aluminum foil; the coating weight was 13 mg cm ™2 and the
compaction density was 2.2 ¢ cm™>. Electrochemical measure-
ments were conducted by assembling coin-type cells in an
argon-filled glove box. Li metal foil (China Energy Lithium Co.,
Ltd) was employed as the reference and counter electrodes. The
cycled coin cells were disassembled in an argon-filled glove box,
and the electrodes were cleaned in dimethyl carbonate (DMC)
before FTIR, XPS, XRD and SEM tests.

2.2 Physical characterization

Sample morphology and elemental composition were analyzed
by scanning electron microscopy (SEM, Zeiss Gemini Sigma
500) and EDS, respectively. FTIR spectra were recorded using
a Thermo Scientific, Nicolet iS5, iD7 ATR instrument. XPS was
performed on a Thermo Scientific K-alpha X-ray photoelectron
spectrometer using monochromatic Al Ko radiation. The
binding energies were referenced to the C 1s peak at 284.80 eV.
The sample crystal structure was studied using X-ray diffraction
(XRD 7000, Shimadzu) with Cu Ko radiation (2 = 1.5406 nm). In
order to protect the electrodes from air exposure during the
XRD test, the cycled Li metal anodes and LFP cathodes were
covered with a tape.

2.3 Electrochemical studies

The electrochemical impedance spectral (EIS) measurements of
the coin cells were performed on a VersaSTAT MC (AMETEK,
Princeton Applied Research) analyzer at 3.4 V, and the EIS
results were fitted using Z-view software with an appropriate
equivalent circuit. Long-term cycling and rate capability testing
were performed using battery testers from Neware Battery Test
System (Neware Technology Ltd, China). Cycling was normally
done between 2.0 and 3.8 V at a rate of 1C (165 mA g™ ).

3. Results and discussion
3.1 Electrochemical characterization

FEC and LiFSI are known to have a significant impact on the Li-
metal anode/electrolyte interface. To evaluate the influence of
high-concentration FEC combined with LiFSI on the electro-
chemical performance of the Li-metal anode, Li||LiFePO, cells
were assembled using 1 M LiFSI/FEC-EMC-DEC (FEC: EMC:
DEC = 6:2:2, by weight) and 1 M LiPFs/EC-EMC-DEC (EC:
EMC: DEC = 6: 2 : 2, by weight) as electrolytes, respectively, and
their cycling stability and rate capability at high current densi-
ties were compared.

The cycling stability of Li||LiFePO, cells with 1 M LiFSI/FEC-
EMC-DEC and 1 M LiPF¢/EC-EMC-DEC as electrolytes were
compared, as shown in Fig. 1a. Notably, the Li metal anode in
LiFSI/FEC-EMC-DEC showed dramatically higher cycling
stability (89.1%) than that of the Li metal anode in LiPFs/EC-
EMC-DEC (47.0%) after 200 cycles at 1C (165 mA g ). Fig. 1b
shows the comparison of the rate capability of Li||LiFePO, cells
with 1 M LiFSI/FEC-EMC-DEC and 1 M LiPF4/EC-EMC-DEC as
electrolytes at different current densities. At 0.1C, the
Li||LiFePO, cells with 1 M LiFSI/FEC-EMC-DEC and 1 M LiPF/
EC-EMC-DEC as electrolytes delivered discharge capacities of
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163.2 and 162.5 mA h g, respectively. At 10C, the Li||LiFePO,
cells with 1 M LiFSI/FEC-EMC-DEC electrolyte maintained
a high discharge capacity of 133.7 mA h g~ " (81.9% of the
capacity at 0.1C), whereas the capacity of the Li||LiFePO, cells
with 1 M LiPFs/EC-EMC-DEC electrolyte was limited to only
115.0 mA h g~ ' (70.8% of the capacity at 0.1C). The superior
capacity retention of the Li||LiFePO, cells with 1 M LiFSI/FEC-
EMC-DEC electrolyte to those with 1 M LiPFs/EC-EMC-DEC
electrolyte at higher current densities illustrates that high-
concentration FEC with the LiFSI additive effectively improves
the cycling stability and rate capability of the Li||LiFePO, cells.

Fig. 2a-c show the comparison of the charge/discharge
curves of Li||LiFePO, cells with 1 M LiPF¢/EC-EMC-DEC and
1 M LiFSI/FEC-EMC-DEC as electrolytes at different current
densities in the range of 2.0 and 3.8 V. Clearly, the high-
concentration FEC electrolyte with the LiFSI additive gener-
ated lower overpotentials than conventional carbonate-based
electrolytes. The F-rich interface layer was further analyzed by
FTIR, as shown in Fig. 2d. The absorption peaks located at 1180
and 1300 cm ' indicate the symmetric and asymmetric
stretching of the C-F bonds in F-rich material."* The peaks at
1670 cm ™' and 1700 cm ! denote C=C stretching and C=0
stretching, respectively. The characteristic absorption peak of
LiF was observed at a wavelength of 1618 cm™ .**** This means
that the LiF-rich material was produced in the high-
concentration FEC electrolyte with LiFSI as the additive. In
addition, the characteristic peaks of Li,CO; at 850, 1100 and
1400 cm ! were clearly found in the Li-metal anodes obtained
from the 1 M LiFSI/FEC-EMC-DEC electrolyte, demonstrating
the presence of Li,CO;.'® However, the absorbance peaks of the
Li-metal anodes obtained from 1 M LiPFs/EC-EMC-DEC were
located at 950-1190 cm ™" and 1646-1765 cm™ ", corresponding
to C-O and C=0O stretching in organic products, which origi-
nate from the decomposition of organic solvents."”**

3.2 Li metal anode surface characterization

After 200 cycles, the Li metal surface in LiPF;/EC-EMC-DEC
showed substantial cracking and a loose substructure (Fig. 3a
and b). This morphology is caused by the continuous reaction
between Li metal and the electrolyte, as evidenced by the poor
cycling stability and low coulombic efficiency. In sharp contrast,
in high-concentration FEC electrolytes with the LiFSI additive,
the Li metal maintained a dense and uniform surface (Fig. 3c
and d).

LiF plays an important role in the formation of a stabilized
and uniform interface layer to suppress Li dendrite growth. LiF
is a robust electrical insulator to prevent electrons from
crossing the interface layer. Moderate mechanical strength of
the SEI film is also crucial for its performance. It has been
proposed that a higher proportion of inorganic components,
such as LiF and Li,CO;, would enhance the mechanical
performance of the SEI film.'® Moreover, due to its low diffusing
energy and high surface energy for Li ions,*® LiF exhibits
extremely high capability in enhancing the surface diffusion of
lithium ions during Li plating/stripping and inducing
a uniform and dendrite-free morphology. The addition of FEC
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(a) Cycle performance of Li||LiFePO4 cells with 1 M LiFSI/FEC-EMC-DEC and 1 M LiPFs/EC-EMC-DEC as electrolytes at a current density

of 1C (165 mA g™). (b) Rate capability of Li||LiFePO, cells with 1 M LiFSI/FEC-EMC~-DEC and 1 M LiPFs/EC-EMC-DEC as electrolytes at different

current densities.

into liquid electrolytes not only changes the composition of the
SEI but also the structure of the SEIL The ionic conductivity of
the SEI is not only determined by the ionic conductivity of each
single component but also by the way in which these species are
assembled together, that is, the structure of the SEI. Although
some studies have reported that LiF is an ionic insulator (from
107" to 107" Sem ™), Li ions can still diffuse through the grain
boundary of LiF in the SEI. Therefore, we can speculate that
even if LiF does not conduct Li ions, they can still travel through
the LiF/LiF grain boundary.**°
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Fig.2 Galvanostatic charge/discharge curves of Li||LiFePO, cells with (a

The dense Li metal surface morphology generated by the
high-concentration FEC electrolyte and LiFSI additive was
quantitatively confirmed by mapping the fluorine distribution
(Fig. 4 and 5). Li metal cycled in LiFSI/FEC-EMC-DEC exhibited
a much higher fluorine content (16.7 at%) than that cycled in
LiPF¢/EC-EMC-DEC (6.5 at%), indicating that a fluoride-rich
interface layer was formed on the surface of the Li metal in
the presence of high-concentration FEC and LiFSI additive. The
dense and uniform surface could minimize the side reactions
between deposited Li and the electrolyte, resulting in a much
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Fig.3 SEMimages of Li-metal anodes after 200 cyclesin (aand b) 1 M LiPFg/EC-EMC-DEC and (c and d) 1 M LiFSI/FEC-EMC-DEC. The insets in
(b) and (d) show the optical images of the respective Li foils after 200 cycles.

higher Li deposition/stripping coulombic efficiency (as shown
in Fig. 1a).

The Nyquist plots of the Li||LiFePO, cells with 1 M LiPFs/EC—
EMC-DEC and 1 M LiFSI/FEC-EMC-DEC as electrolytes are
shown in Fig. 6a. The inset shows the equivalent circuit con-
structed to fit the EIS, in which R, represents ohmic resistance,

C1 and R2 represent the capacitance and resistance of the
passivation interface layer, respectively, C2 and R3 represent the
double-layer capacitance and charge transfer resistance,
respectively, while W represents Warburg impedance.*** The
charge transfer resistance (R.) of the Li||LiFePO, cells with the
1 M LiFSI/FEC-EMC-DEC electrolyte was slightly lower than

Fig. 4 The corresponding elemental mapping images for carbon, oxygen, phosphorus, fluorine and EDS spectrum of the Li foils obtained after

200 cycles in 1 M LiPF¢/EC-EMC-DEC.
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Fig.5 The corresponding elemental mapping images for carbon, oxygen, sulfur, and fluorine and EDS spectrum of the Li foils obtained after 200

cycles in 1 M LiFSI/FEC-EMC-DEC.

that of the Li||LiFePO, cells with the 1 M LiPF¢/EC-EMC-DEC
electrolyte, which is in accordance with the charge/discharge
results. In general, the impedance spectrum of a cell is
analyzed and fitted to an electric circuit model to extract the
parameters related to the single electrochemical processes
occurring inside the cell. However, given the complexity in
separating these processes from the EIS spectra, the distribu-
tion of relaxation time (DRT) is often used to deconvolute the
impedance curves in the time domain and distinguish the
polarization effects that are normally overlapped in the
frequency domain.”®** Depending on the value of the time
constant, a specific peak can be attributed to a defined physical
process. The main processes that can be identified are the
transport of lithium ions through the SEI (10> <7< 10> s) and
electrode charge transfer (10> < 7 < 10 s).2* The peak areas in
DRT represent the impedance values of specific electrochemical
process; according to the DRT results, the diffusion rate of Li
ions in the SEI generated by the LiFSI/FEC-EMC-DEC electro-
lyte is generally faster than that in the 1 M LiPFs/EC-EMC-DEC
electrolyte (Fig. 6).

100

The cycled Li metal anodes and LFP cathodes were analyzed
by XRD, as shown in Fig. 7. In order to protect the electrodes
from air exposure during the XRD test, the cycled Li metal
anodes and LFP cathodes were covered with a tape. There was
a slight diffraction peak from the tape, but it did not interfere
with the detection of the target substances. In the XRD patterns,
the Li metal anode obtained after 200 cycles in the LiFSI/FEC-
EMC-DEC electrolyte presented the typical LiF diffraction peaks
centered at 26 = 38.8°, 45.1°, and 65.9°, corresponding to the
(111), (200), and (220) planes of the LiF face-centered cubic
crystal.3,9,26—29

The diffraction peaks at 32.7°, 36.2°, 49.1°, 51.8°, 56.2°, 62.6°
and 76.5° could be indexed to crystalline LiOH,*" indicating that
there were numerous LiOH molecules on the surface of Li metal
after 5 cycles in LiPFs/EC-EMC-DEC and 1 M LiFSI/FEC-EMC-
DEC electrolytes.

Diffraction peaks appeared at around 36.1°, 51.6°, and 64.6°
for the Li metal anode cycled 200 cycles in the LiPFs/EC-EMC-
DEC electrolyte, which can be attributed to the crystalline metallic
Li phase,***”** and LiF diffraction peaks were not found. It can be
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(a) Nyquist plots and (b) DRT profiles of the Li||LiFePO4 cells with 1 M LiPFs/EC-EMC—-DEC and 1 M LiFSI/FEC-EMC-DEC as electrolytes.
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Fig. 7 XRD results of (a) Li-metal anodes after 5 and 200 cycles (b) and LiFePO, electrodes after 200 cycles in 1 M LiPFg/EC-EMC-DEC and 1 M

LiFSI/FEC-EMC-DEC.

speculated that metallic Li is deposited on the Li metal/electrolyte
interface during Li plating/stripping. In addition, the peaks at
44.6° and 65.6° could be ascribed to Li,CO.*>** Fig. 7b shows the
LiFePO, electrodes obtained after 200 cycles in the LiPFs/EC-
EMC-DEC and LiFSI/FEC-EMC-DEC electrolytes maintained the
LiFePO, crystal structure, according to the XRD results.*>*’

The XRD results indicate that during long-term Li plating/
stripping, LiF can be formed on the surface of the Li metal

anode in the presence of the high-concentration FEC electrolyte
and LiFSI additive. Moreover, LiF can effectively improve the
lithium-ion deposition behavior and suppress the growth of
lithium dendrites.?

Furthermore, the elemental composition of passivation
interface films was determined by XPS, and the results are
presented in Fig. 8. As shown in Fig. 8a, the passivation inter-
face film generated on the Li metal anode cycled 200 cycles in
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Fig. 8 XPS analysis of the SEI layers on the Li-metal anode cycled 200 cycles in 1 M LiFSI/FEC-EMC-DEC. (a) Survey spectrum and (b—d) C 1s, F

1s and Li 1s spectra, respectively.
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Fig. 9 The cycling performance of symmetrical cells with a Li metal anode in 1 M LiFSI/FEC-EMC-DEC and 1 M LiPF¢/EC-EMC-DEC elec-

trolytes at 0.5 mA cm™2.

LiFSI/FEC-EMC-DEC consisted of Li, C, O, F, N and S compo-
nents. The fitting C 1s spectrum is shown in Fig. 8b. The peak at
284.5 eV is the characteristic peak of the C-C/C-H bond, and
those at 286.0 eV and at 288.6 eV can be typically ascribed to the
C-0-C, O-C=0/Li,CO; bonds.*®* Furthermore, the charac-
teristic peak at 290 eV corresponds to the C-F bond.*>**

As shown in Fig. 8c, there were two peaks in the F 1s spec-
trum belonging to the C-F bonds at 687.6 eV and LiF at
684.8 eV.** In the Li 1s spectrum (Fig. 8d), the peak of LiF (55.6
eV) was also found. The XPS analysis convincingly confirms the
generation of abundant LiF and Li,CO; on the surface of the Li
metal anode in the LiFSI/FEC-EMC-DEC electrolyte during
long-term Li plating/stripping.

As shown in Fig. 9, the Li|Li symmetrical cell cycled in 1 M
LiPFs/EC-EMC-DEC electrolyte exhibited a sharp voltage drop
after 50 h, which is characteristic of an internal short circuit
caused by serious dendrite growth. In contrast, after intro-
ducing high-concentration FEC and LiFSI additive in the elec-
trolyte, the LiJLi symmetrical cell exhibited a small
overpotential and very stable cycling process for more than 75 h,
which proves the improved deposition behavior of lithium ions
in the presence of the 1 M LiFSI/FEC-EMC-DEC electrolyte.

The overpotential remained almost constant over time,
suggesting that the SEI on the Li surface in the 1 M LiFSI/FEC-
EMC-DEC electrolyte was very stable, while in 1 M LiPFs/EC-
EMC-DEC electrolyte, the overpotential was much higher
initially and fluctuated considerably after 6 h. The results
suggest that the FEC-based electrolyte is beneficial to the
formation of an LiF-rich interface, which reduces the ion
transport resistance and growth of lithium dendrites effectively
during Li plating/stripping.*?

4. Conclusions

A high-concentration FEC electrolyte with LiFSI as an additive
was used in Li||LiFePO, cells to generate a LiF-rich interface
layer that effectively protects the Li metal. The Li metal anode in
LiFSI/FEC-EMC-DEC (60% FEC by weight) showed greater
stability (89.1%) than that in LiPFs/EC-EMC-DEC (47.0%) after
200 cycles at 1C (165 mA g '). At 10C, the Li||LiFePOy cells with
1 M LiFSI/FEC-EMC-DEC electrolyte maintained a high
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discharge capacity of 133.7 mA h g™ (81.9% of the capacity at
0.1C), whereas the capacity of Li||LiFePO, cells with 1 M LiPF/
EC-EMC-DEC electrolyte was limited to only 115.0 mA h g~ *
(70.8% of the capacity at 0.1C).

The comparison of FTIR, XRD, SEM, EDS, DRT and XPS
results of the cycled Li metal anodes suggests that the uniform
and LiF-rich interface layer generated on the surface of the Li
metal anode may be the major factor contributing to the
improvement in cycle performance and rate capability. Moreover,
the findings also highlight that LiF and Li,CO;, the important
inorganic components of the SEI film, play a significant role in
improving the structural morphology and ionic conductivity of
the SEI film. These studies further reveal the possible application
of Li metal batteries in lithium-ion storage devices and help us
understand the possible mechanisms underlying the perfor-
mance improvement of Li metal batteries with high-
concentration FEC and LiFSI additive. This work also provides
guidance to developing new technologies and strategies to ach-
ieve long-lasting and superior-rate-capability Li metal batteries.
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