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Design of Fluorinated Elastomeric Electrolyte for Solid-State
Lithium Metal Batteries Operating at Low Temperature and

High Voltage

Jinseok Park, Hyeonseok Seong, Chanho Yuk, Dongkyu Lee, Youyoung Byun, Eunji Lee,

Wonho Lee, and Bumjoon J. Kim*

This work demonstrates the low-temperature operation of solid-state lithium
metal batteries (LMBs) through the development of a fluorinated and plastic-
crystal-embedded elastomeric electrolyte (F-PCEE). The F-PCEE is formed

via polymerization-induced phase separation between the polymer matrix

and plastic crystal phase, offering a high mechanical strain (~*300%) and ionic
conductivity (~0.23 mS cm~') at —10 °C. Notably, strong phase separation be-
tween two phases leads to the selective distribution of lithium (Li) salts within
the plastic crystal phase, enabling superior elasticity and high ionic conductivity
at low temperatures. The F-PCEE in a Li/LiNi, 3Co, ; Mn, O, full cell maintains
74.4% and 42.5% of discharge capacity at —10 °C and —20 °C, respectively,
compared to that at 25 °C. Furthermore, the full cell exhibits 85.3% capacity
retention after 150 cycles at —10 °C and a high cut-off voltage of 4.5 V, represent-
ing one of the highest cycling performances among the reported solid polymer
electrolytes for low-temperature LMBs. This work attributes the prolonged
cycling lifetime of F-PCEE at —10 °C to the great mechanical robustness to sup-
press the Li-dendrite growth and ability to form superior LiF-rich interphases.
This study establishes the design strategies of elastomeric electrolytes for
developing solid-state LMBs operating at low temperatures and high voltages.

1. Introduction

Lithium (Li) metal batteries (LMBs) are
pivotal in advancing next-generation bat-
tery technology, owing to the high theo-
retical capacity (3860 mAh g') and low
electrochemical potential (—3.04 V versus
the standard hydrogen electrode) of Li
metal.l'3] Despite significant efforts to de-
velop high-energy and long-cycling LMBs,
achieving sufficient performance under ex-
treme conditions for advanced applications
remains a challenge.*%] These applica-
tions encompass mobility and other tech-
nologies operating in subzero conditions,
including high-altitude and polar regions
of the Earth, deep-sea environments, or
outer space.”°l However, the use of ex-
isting organic liquid electrolytes in LMBs
often leads to reduced battery lifetime
and safety issues. These issues are pri-
marily associated with the formation of

J. Park, H. Seong, D. Lee, B. J. Kim

Department of Chemical and Biomolecular Engineering
Korea Advanced Institute of Science and Technology (KAIST)
Daejeon 34141, Republic of Korea

E-mail: bumjoonkim@kaist.ac.kr

C.Yuk, W. Lee

Department of Polymer Science and Engineering
Department of Energy Engineering Convergence
Kumoh National Institute of Technology

Gumi, Gyeongbuk 39177, Republic of Korea
Y.Byun, E. Lee

School of Materials Science and Engineering
Gwangju Institute of Science and Technology (GIST)
Gwangju 61005, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202403191

© 2024 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is
properly cited, the use is non-commercial and no modifications or
adaptations are made.

DOI: 10.1002/adma.202403191

Adv. Mater. 2024, 2403191 2403191 (1 of 12)

Li-dendrite and unstable solid-electrolyte-

interphase (SEI), which can be exacer-

bated by slow Li* transport and charge
transfer kinetics at low temperatures.”1% Solid-state electrolytes
(SSEs) are a promising strategy, potentially offering higher
energy density and improved safety over conventional liquid
electrolytes."!"3] Nevertheless, the SSE-based LMBs operating
at low temperatures are scarcely explored, primarily due to the
low ionic conductivity of SSEs and large interfacial resistance be-
tween SSE and electrodes at low temperatures.®?]

Solid polymer electrolytes (SPEs) have attracted great inter-
est due to their inherent advantages such as high flexibility,
lightweight, and easy processability, which distinguish them
from inorganic SSEs.'*1%] In particular, SPEs can be utilized
through the in situ polymerization method to form a confor-
mal contact at the electrode/electrolyte interface, effectively re-
ducing interfacial resistance.['*'”] However, SPEs have suffered
from low ionic conductivity and lack of mechanical integrity to
suppress Li dendrite growth, thereby limiting the electrochemi-
cal performances of SPE-based LMBs at low temperatures.”181]
To overcome these limitations, various design strategies have
been proposed to improve the low-temperature performances
of SPE-based LMBs. For example, incorporating a plasticizer
into the polymer matrix enhances the segmental motion of
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polymer chains, thereby increasing Li* conductivity at low
temperatures.[?24 Also, the incorporation of inorganic fillers in
a polymer/ceramic composite electrolyte can effectively enhance
mechanical robustness and suppress Li dendrite growth.[2>-27] Al.
ternatively, employing soft SPEs with rubbery or viscoelastic char-
acteristics can uniformly cover the Li metal surface and effectively
accommodate volume changes of Li metal anode during battery
cycling, thus mitigating Li dendrite growth.?®2] Despite these
advancements, developing SPEs for stable operation in LMBs at
subzero temperatures remains a significant, and ongoing chal-
lenge.

Insights from the previous studies suggest that SPEs should
satisfy the following requirements for operating LMBs at low
temperatures: (1) High ionic conductivity at low temperatures,
ideally through a three-dimensional ion-conducting pathway. (2)
High retention of soft characteristics with high mechanical flexi-
bility and resilience. This is vital to accommodate significant vol-
ume changes in Li and to suppress Li dendrite growth.[?] Ad-
ditionally, strong adhesion between the SPEs and electrodes is
crucial to prevent contact loss from the large volume changes
during cycling.[?3% (3) A chemical structure of SPE that pro-
motes the formation of a favorable LiF-rich SEI layer, which is
critical for achieving high cycling stability of LMBs.3!32) This as-
pect becomes particularly important as kinetically sluggish Li*
transport and charge transfer at a low temperature can acceler-
ate the formation of unfavorable SEI layers and Li dendrite.[32-34]
Polymerization-induced phase separation (PIPS) method has the
potential to fabricate SPEs meeting these requirements by cre-
ating a bicontinuous structure consisting of an ion-conducting
phase and polymer matrix.3>3¢] Despite the typical trade-off rela-
tionship between high mechanical robustness and ionic conduc-
tivity in polymeric materials, the bicontinuous structure allows
for the independent optimization of each phase and facilitates the
development of SPEs with both superior ionic conductivity and
mechanical properties. For example, plastic crystal-embedded
elastomeric electrolyte (PCEE) developed via PIPS exhibits high
ionic conductivity through the plastic crystal phase and high
mechanical robustness of the elastomeric phase, enabling high-
performance LMBs at room temperature.l*’*8] Therefore, we en-
vision that the fabrication of PCEE-based SPEs fulfilling the
above criteria could facilitate the high cycling performance of
LMBs at subzero temperatures.

In this study, we develop a fluorine (F)-containing, plastic-
crystal-embedded elastomeric electrolyte (F-PCEE) to achieve sta-
ble operation of solid-state LMBs at —10 °C. The F-PCEE fea-
tures a bicontinuous structure, consisting of a succinonitrile
(SN) based plastic crystal phase embedded within a 2,2,3,4,4,4-
hexafluorobutyl acrylate (HFBA) based elastomer matrix. Impor-
tantly, the F-PCEE exhibits high Li ion conductivity (0.23 mS
cm™!) at —10 °C and enhanced elastic properties with ~300%
strain at fracture, overcoming the trade-off between ion conduct-
ing and mechanical properties. The confinement of dominant Li*
content in the plastic crystal phase of F-PCEE is a key factor in
obtaining both high ionic conductivity and exceptional mechan-
ical elasticity at low temperatures. Furthermore, the use of the
fluorine-containing F-PCEE facilitates the formation of the LiF-
rich SEI layer, enabling the stable cycling of the LMBs at —10 °C.
The Li||F-PCEE]||Li symmetric cell demonstrates notable cycling
stability, showing more than 1500 h of operation at —10 °C. In
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addition, the F-PCEE in a full cell with the Li metal anode and
the LiNi, ¢Co, ;Mn,; O, (NCM811) cathode at —10 °C exhibits ex-
cellent performance with 85.3% capacity retention after 150 cy-
cles at 0.1 C and a high cut-off voltage of 4.5 V. This is one of
the highest cycling performances of SPE-based LMBs operating
at —10 °C, particularly with the Ni-rich cathode system. In con-
trast, the reference poly(butyl acrylate)-based PCEE (BA-PCEE)
shows lower ionic conductivity and inferior mechanical proper-
ties at —10 °C, resulting in the rapid capacity decay in the full
cell. Therefore, this study highlights the design strategies of elas-
tomeric electrolytes for constructing low-temperature operating
solid-state LMBs.

2. Results and Discussion

The superior ionic conductivity, mechanical resilience, and the
ability to form a stable SEI layer of the SPEs at low tempera-
tures are important prerequisites for fabricating solid-state LMBs
that can effectively operate at low temperatures. To fulfill these
requirements, we designed a bicontinuous structured F-PCEE
comprising a fluorine-containing elastomer and SN plastic crys-
tal phases, serving as the mechanical scaffold and ion-conducting
domain, respectively (Scheme 1). This bicontinuous structure en-
ables the independent optimization of each phase to yield the
F-PCEE with high mechanical properties and ionic conductivity
at low temperatures while the F-chemistry enhances the cycling
stability of LMBs. Based on this design strategy, the F-PCEE pos-
sesses the following advantages. (1) The chemical incompatibil-
ity between the hydrophobic HFBA and hydrophilic SN leads to
Li salts being predominantly localized within the continuous SN
phase through PIPS. This configuration significantly enhances
the Li* conductivity of the F-PCEE. (2) Conversely, the low Li-salt
concentration within the polymer matrix allows for the construc-
tion of an elastomer matrix with a low glass transition tempera-
ture (T,), which is crucial for maintaining the superior mechan-
ical resilience of the elastomer matrix at low temperatures. (3)
The F-chemistry inherent to the F-PCEE enhances its oxidative
stability and facilitates the formation of LiF-rich SEI layers, offer-
ing good interfacial stability for solid-state LMBs operating at low
temperatures. We anticipate that the combined benefits of the F-
PCEE will enable superior cycling performance of LMBs under
challenging conditions such as a low temperature and wide volt-
age window.

The F-PCEE was synthesized through a thermally activated
polymerization and cross-linking process of a precursor solu-
tion consisting of HFBA, SN, poly(ethylene glycol) diacrylate
(PEGDA, cross-linker), azobisisobutyronitrile (AIBN, thermal
initiator), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
and lithium difluoro(oxalato)borate (LIDFOB). The detailed syn-
thetic procedure is described in Experimental Section. Tuning
the morphology of the polymer and plastic crystal phases is criti-
cal for achieving the mechanical robustness of the F-PCEE while
preserving high Li-ion conductivity.?®*! For the optimization of
the physicochemical properties of F-PCEE, we varied the volume
fraction of SN (fy) between 0.4 and 0.6. In F-PCEE, we applied
a dual salt system consisting of LiTFSI and LiDFOB with a fixed
molar ratio of 8:2, because the use of LIDFOB can effectively sup-
press the corrosion of the aluminum (Al) current collector during
repeated cycling.***!] Due to the limited solubility of LiDFOB
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Scheme 1. The design of fluorinated elastomeric electrolytes with components in the elastomer and plastic crystal phases. The poly(HFBA) matrix
exhibits mechanical elasticity and the ability to form LiF-rich solid-electrolyte-interphase (SEI) layers, while the solid plastic crystal phase efficiently

transports Li* via trans-gauch isomerism at a low temperature.

in the F-PCEE precursor solution, the 0.8 M LiTFSI and 0.2 M
LiDFOB were used to maintain high ionic conductivity and effec-
tively protect the Al current collector. All the F-PCEEs with fg be-
tween 0.4 and 0.6 show solid and opaque appearances (Figure 1a),
suggesting the development of a phase-separated structure be-
tween the cross-linked poly(HFBA) matrix and the SN phase.
The distribution of Li* in F-PCEE at different f values was
investigated using 7Li solid-state nuclear magnetic resonance
(NMR) spectroscopy (Figure 1b). The Li NMR spectra of F-PCEE
reveal two distinct peaks at —1.49 and —2.25 ppm, correspond-
ing to Li* interactions with the cross-linked poly(HFBA) ma-
trix and SN, respectively. This indicates the presence of distinct
poly(HFBA) and plastic crystal phases within F-PCEE. In addi-
tion, the deconvoluted ’Li NMR spectra indicate that the major-
ity of Li* exists within the SN phase, owing to their greater affin-
ity for the hydrophilic SN compared to the hydrophobic HFBA
(Figure S1, Supporting Information). Consequently, the Li* con-
centration in the SN phase increases with higher f;. Specifically,
the areal ratio of the Li* peak in poly(HFBA) and SN phases in-
creases from 2.6 to 4.6 as the fq increases from 0.40 to 0.60.
The coordination between the Lit and PEGDA was not distinctly
identified in the NMR spectra, possibly due to the weak intensity
from the minor quantity of PEGDA and the dominant interac-
tion of Li* with the SN phase. The ionic conductivity (¢) and tor-
tuosity (z) of F-PCEE at 25 °C were evaluated as a function of f
(Figure 1c). The o values gradually increase with increasing fqy,
and the F-PCEE with f;), > 0.50 exhibits fast ion transport with &
values exceeding 1.1 mS cm™'. The increase in o with the higher
fsn can be attributed to the larger fraction of the ion-conducting
SN phase. Furthermore, the increase in the f5y leads to the
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gradual decrease in 7 from 2.1 for fg, = 0.40 to 1.6 for fgy = 0.60.
Notably, the 7 values of the F-PCEEs at 0.4 < f;, < 0.6 suggest ef-
ficient ion transport in the F-PCEEs through 3D interconnected
pathways, as it is reported that an ideal bicontinuous network ex-
hibits the 7 value between 1.5 and 3.0.382] The importance of
tuning fs value has been demonstrated in our previous study,
as a certain amount of SN is required for developing bicontinu-
ous structures with percolated SN channels.[8l At fi, < 0.4, the
ionic conductivity of F-PCEE sharply decreases to 0.81 mS cm™,
0.14 mS cm™!, and 3.2 X 107 mS cm™' at fgy of 0.4, 0.3, and
0.1, respectively, due to the lack of percolated SN channels with
decreasing fqy (Figure S2, Supporting Information).

The mechanical elasticity and robustness of SPEs are critical to
withstand the repeated volume changes of electrodes during cy-
cling, suppress Li dendrite growth, and endure external impacts
during use.['*?42] In this regard, we evaluated the mechanical
elasticity of F-PCEE by obtaining the stress-strain curves using
a universal testing machine (UTM) (Figure 1d). F-PCEE sam-
ples at 0.40 < foy < 0.60 exhibit typical elastomeric behavior as
shown by the strain values at fracture exceeding 150%. Notably,
the F-PCEE with fg, = 0.54 displays the highest strain value of
~250% at fracture. However, when f increases to 0.60, both ul-
timate stress and strain at fracture decrease due to the reduced
volume fraction of the elastomeric poly(HFBA) matrix. The F-
PCEE with a higher fyy of 0.70 loses most of its elastomeric
properties because the minor elastomer phase fails to surround
the fragile SN phase and is unable to dissipate the mechani-
cal stress during stretching/releasing. Therefore, we determine
that the F-PCEE formulated at fg = 0.54 represents the optimal
F-PCEE SPE with balanced ionic conductivity and mechanical
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Figure 1. a) The photo image, b) ”Li solid-state NMR spectra, c) ionic conductivity (¢) with corresponding tortuosity (z), and d) stress—strain curve of
F-PCEE with varying ratios of SN and HFBA at 25 °C. e) Cryo-TEM image of F-PCEE. The scale bar is 500 nm.

properties for further investigation in the LMBs. Upon fab-
ricating F-PCEE at fy, = 0.54, Fourier-transform infrared
spectroscopy (FTIR) confirmed the full conversion of HFBA
monomers and PEGDA cross-linkers into the elastomer matrix
(Figure S3, Supporting Information). Additionally, thermogravi-
metric analysis (TGA) demonstrated good thermal stability with
the onset of degradation at ~#150 °C (Figure S4, Supporting Infor-
mation). The cryogenic transmission electron microscopy (cryo-
TEM) was utilized to characterize the cross-sectional morphology
of F-PCEE, confirming the phase separated structure between the
HFBA and SN domains on the length scale of a few hundred
nanometers (Figure 1le).

To elucidate the impact of the chemical structure of F-
PCEE on the mechanical and electrochemical properties,
we synthesized a reference sample of BA-PCEE featuring a
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bicontinuous structure of poly(BA) matrix and SN phase. The
synthetic procedure of the BA-PCEE is described in Experimen-
tal Section and previous literature.??) The primary distinction
lies in the chemical structures of the elastomer matrix of BA-
PCEE, which consists of BA monomers without F atoms while
retaining the SN phase (f;, = 0.50) with LiTFSI and LiDFOB
salts. The BA-PCEE showed high discharge capacity and good
cycling performance in LMBs at room temperature, but the dis-
charge capacity rapidly decreased at 0 °C.1*’] For the comparative
analysis, we evaluated the temperature-dependent mechanical
properties of F-PCEE and BA-PCEE over a wide temperature
range of —30-25 °C using UTM. The F-PCEE demonstrates
remarkable elastomeric behavior at low temperatures, exhibiting
high strain at fracture (~300%) at both —10 °C and —20 °C
(Figure 2a). The increase in strain at fracture values at —10 °C

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

95U90 1 SUOWILIOD BRI 8]0l ddke U} Ad paueACb 8.2 SOILE O ‘95N J0 S| 0} ATeIgIT 8UIIUO /311 UO (SUONIPUOO-PUE-SLLLSILLCO"AB| I ARG PUI U0/ ScIU) SUOIIPUOD) PUE SWLS | aU1 95 *[1Z20Z/90/ET ] Uo AeIqiT8u1iuO Ad|1m ‘@miisu] [EUOIEN Yown'y Aq TETE0YZ0Z BUIPE/Z00T OT/10p/LI00" /5| 1w ATe.q1Pu 1|uo//Sdy WoJy papeojumoq ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

@ 550
-30°C —-20°C F-PCEE
200, —-10°C—25°C

&
L 150,
7]
% 100-
]

50-

0- A

0 200 400 600 800
Strain (%)

0 —e—F-PCEE
| —e—BA-PCEE

30 20 10 0 -10 -20
Temperature (°C)

www.advmat.de

(b) 150
-30°C—-20°C BA-PCEE
—-10°C— 25°C

T 100+

< 4

"

(]

o

& 504

0 200 400 600 800 1000
Strain (%)

(d)
Il F-PCEE
10°] W BA-PCEE
5 107
(7]
E
© 1 0-2 a
10734

25°C  0°C

-10°C -20°C

Figure 2. Stress—strain curves of a) F-PCEE and b) BA-PCEE at 25 °C, —10 °C, —20 °C, and —30 °C. c¢) Modulus of resilience (U,) of F-PCEE and BA-PCEE
calculated from the elastic region of the stress—strain curves. d) lonic conductivity (¢) of F-PCEE and BA-PCEE at 25 °C, 0 °C, —10 °C, and —20 °C.

and —20 °C compared to that at 25 °C indicates the enhanced
elasticity of the F-PCEE under reduced temperatures, which
is attributed to the entropy-driven elasticity of elastomers for
compensating the exothermic process during stretching.[*3]
However, as the temperature approaches the T, of the poly-
meric matrix, the elastomers lose their elastic property and
show a plastic behavior. Therefore, the elastomeric behavior
of F-PCEE at —20 °C aligns well with its low T, of —47 °C as
determined by differential scanning calorimetry (DSC) (Figure
S5, Supporting Information). In contrast, the BA-PCEE, which
exhibits elastomeric behavior at 25 °C, shows irreversible plastic
deformation below —10 °C (Figure 2b). To clearly show the
elastic limit of the BA-PCEE at low temperatures, the initial
parts of stress—strain curves of F-PCEE and BA-PCEE at —20 °C,
—10 °C, and 25 °C are provided in Figure S6 (Supporting Infor-
mation). Also, the cyclic stress—strain curves at —10 °C confirm
the superior mechanical elasticity of F-PCEE compared to the
BA-PCEE (Figure S7, Supporting Information). The discrepancy
in the mechanical properties between the F-PCEE and BA-PCEE
becomes markedly pronounced at —30 °C. At this temperature,
the BA-PCEE entirely loses its elastic property and displays a
distinct necking behavior due to its T, of —20 °C.*”]

The inelastic behavior of SPEs can compromise the interfacial
contact and degrade the dimensional stability of the battery cells
over time, adversely affecting battery performance.l***”] While
toughness can be an important mechanical property for prevent-
ing the fracture of solid electrolytes, the transition from rub-
bery elastomer to a glassy state can also lead to an increase in
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toughness.[*8] As shown in Figure S8 (Supporting Information),
the toughness of F-PCEE and BA-PCEE noticeably increases at
—30 °C and —10 °C, respectively, corresponding to their transi-
tion from elastic to plastic deformation. At these temperatures,
the glassy polymers show irreversible deformation under small
strain due to the significantly decreased elastic limit. Therefore,
we quantitatively evaluated the elasticity of both F-PCEE and BA-
PCEE by calculating the modulus of resilience (U,) (Figure 2c),
which represents the maximum energy that can be reversibly
stored within the elastic region of the materials. Thus, the U,
values correspond to the area of the elastic region in the stress-
strain curve. Both F-PCEE and BA-PCEE exhibit remarkably high
U, values of over 30.0 k] m~ at 25 °C, which is more than 10-
fold the U, value of poly(ethylene oxide)-based SPE with 40 wt%
LiTFSI (U, = 3.0k] m~?).1’l Atlower temperatures of —10 °C and
—20 °C, the U, values for F-PCEE increase to 52.7 and 54.1 kJ
m~, respectively, indicating highly resilient mechanical proper-
ties of F-PCEE at low temperatures. We note that these U, values
are comparably high to that (U, = 67.0 k] m~3) of the commer-
cial Celgard 3501 separator used in the conventional liquid elec-
trolyte system.[*] In contrast, the U, value of BA-PCEE signifi-
cantly decreases from 47.8 to 0.9 k] m~ when the temperature
decreases from 25 °C to —10 °C, highlighting the superior me-
chanical resilience of F-PCEE at low temperatures compared to
BA-PCEE. Additionally, it is noteworthy that gel electrolytes em-
bedding large amounts of solvent generally show poor mechan-
ical properties with inelastic deformation and fracture at small
strains, whereas the F-PCEE with bicontinuous structure shows
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high mechanical elasticity.[*”*° Overall, the mechanical proper-
ties of the F-PCEE demonstrate its great potential for accommo-
dating large Li volume change and suppressing Li dendrite dur-
ing cycling at low temperatures.

The distinct mechanical elasticity and resilience of F-PCEE
at the low temperature of —20 °C aligns well with the lower T,
(—47 °C) of the poly(HFBA) matrix compared to the T, (=20 °C)
of the poly(BA) matrix of BA-PCEE. In general, the increase of
ion concentration in polymer electrolytes increases the T, of the
materials, due to the formation of quasi-ionic cross-links be-
tween the ion species and polymer chains.[>'~55! Therefore, the
low T, of F-PCEE is mainly attributed to the poly(HFBA) ma-
trix with low Li content, driven by the strong phase separation
between the poly(HFBA) and SN phases, as well as the preferen-
tial localization of Li within the SN phase (Figure S1, Supporting
Information). In comparison, the nonfluorinated poly(BA) ma-
trix exhibits a stronger preference for Li ions compared to the
poly(HFBA) matrix, resulting in the comparable amount of Li
within the poly(BA) and SN phases in BA-PCEE as identified by
’Li NMR spectra (Figure S9, Supporting Information).

The tuning of the phase-separated structure and T, of the poly-
mer matrix further explain the importance of the F-PCEE design
to obtain high ionic conductivity at low temperatures (Figure 2d).
While the F-PCEE shows higher ¢ compared to the BA-PCEE
across all the temperatures ranging from —20 °C to 25 °C, the dif-
ference in the o values between the two systems becomes more
pronounced at lower temperatures. At 25 °C, the o values for
the F-PCEE and BA-PCEE were 1.32 and 1.13 mS cm™!, respec-
tively. However, at —10 °C, the F-PCEE exhibits a significantly
higher ¢ 0of 0.23 mS cm™! compared to the BA-PCEE (¢ = 0.016
mS cm™!). Furthermore, at —20 °C, the F-PCEE shows a 25-fold
greater ¢ value (0.077 mS cm™) compared to the BA-PCEE (¢ =
0.003 mS cm™!) (Figure 2d). The following factors contribute to
the significant discrepancy in ¢ values between the F-PCEE and
BA-PCEE at lower temperatures. First, the higher ¢ of F-PCEE
can be attributed to a higher Li* concentration within the SN
domains of F-PCEE compared to BA-PCEE, as indicated by the
’Li NMR (Figure 1b and Figure S9, Supporting Information).
In addition, due to the extremely slow segmental motion of the
poly(BA) matrix near T, the contribution of the Li* conductiv-
ity within the poly(BA) matrix can be negligible at temperatures
below —10 °C.15¢!

Next, the electrochemical performance of BA-PCEE and F-
PCEE at 25 °C was investigated by using a full cell configured
with a 40-um-thick Li anode and a LiNi, ;Co, ; Mn, ; O, (NCM811)
cathode. The detailed electrochemical characteristics of BA-PCEE
at 25 °C have been studied in our previous reports and the cy-
cling performance in a full cell is provided in Figure S10 (Sup-
porting Information).l’’*] The BA-PCEE showed high cycling
performance in LMBs in the voltage range of 2.7-4.5 V at 25 °C.
For comparison, the F-PCEE was in situ polymerized between
the electrodes to ensure great adhesion properties and low in-
terfacial resistance. The in situ polymerized F-PCEE indicates a
much stronger adhesion energy of 18.4 ] m=% compared to the
8.0 ] m~2 of ex situ polymerized F-PCEE (Figure S11, Support-
ing Information). The strong adhesion between the elastomeric
electrolyte and electrodes is important to accommodate the sub-
stantial volume change and mitigate Li dendrite growth during
cycling.[3%3757] The electrochemical floating test of F-PCEE was
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conducted to investigate the electrochemical window (Figure 3a).
The excellent oxidation stability of F-PCEE was confirmed by the
low leakage current (<2 pA) at a high voltage of 4.5 V, indicating
the stable operation of Li||F-PCEE||NCMS811 full cells up to 4.5 V.
The oxidation stability of F-PCEE was further validated through
the anodic linear-sweep voltammetry (LSV), which indicated an
onset of oxidation at ~4.75 V (Figure S12, Supporting Informa-
tion). The superior oxidative stability of the F-PCEE is attributed
to the high bond energy of F chemistry (e.g., C—F).[®) Thus, we
conducted the cycling stability test at a wide cutoff voltage win-
dow of 2.7-4.5 V. The F-PCEE full cell exhibits 85.7% capacity
retention (157 mAh g™!) with an average Coulombic efficiency
(CE) of 99.5% after 150 cycles at 0.5 C (Figures 3b,c). We further
confirmed the great cycling performance of F-PCEE in replicated
full cells (Figure S13, Supporting Information).

Based on the excellent electrochemical performances of F-
PCEE at room temperature, we explored its application in low-
temperature operating LMBs. Notably, the F-PCEE at —10 °C
exhibits highly adhesive properties with an adhesion energy of
43.3 ] m™?, surpassing twice the observed value at room temper-
ature (Figure S14, Supporting Information). The enhanced ad-
hesion force can be attributed to the decreased molecular mo-
bility of F-PCEE at low temperatures.® Combined with the
great mechanical resilience and adhesive property of F-PCEE at
—10 °C, the F-PCEE can effectively accommodate large volume
change without delamination at interfaces and prevent Li den-
drite growth during charge/discharge cycling at a low temper-
ature. Then, we conducted the Li plating and stripping test at
—10 °C in a symmetric Li cell by gradually increasing current
density from 0.1 to 0.2, 0.5, and 1.0 mA cm~? and maintaining
at 1.0 mA cm™ (1.0 mAh ecm™?) (Figure S15, Supporting Infor-
mation). The polarization proportionally increases from 28 mV at
0.1 mA cm~2 t0 280 mV at 1.0 mA cm~2 without the voltage drop.
Notably, the F-PCEE shows superior Li reversibility over 1500 h
at —10 °C and 1.0 mA cm~2. We attribute the high cycling per-
formance of symmetric cells to the robust mechanical properties
and high ionic conductivity of F-PCEE at a low temperature.

To highlight the potential of F-PCEE in the LMBs operating
at low temperatures, we evaluated the electrochemical perfor-
mances of LMBs at —10 °C configured with a 40-um-thick Li an-
ode, F-PCEE, and an NCM811 cathode with an active mass load-
ing of 2.0 mg cm~? at the upper cut-off voltage of 4.5 V. Before
testing the cycling performance in full cells, we confirmed the
high oxidation stability of F-PCEE at 4.5 V and —10 °C by con-
ducting LSV tests at low temperatures (Figure S16, Supporting
Information). As shown in Figure 4a, Li||F-PCEE||NCM811 cell
at —10 °C delivers discharge capacities of 187, 169, 123, 83.5, and
59.7 mAh g1 at 0.033, 0.05, 0.1, 0.15, and 0.2 C, respectively, and
recovered to the capacity of 116 mAh g~ when the current den-
sity is returned to 0.1 C. The galvanostatic charge/discharge pro-
files of the F-PCEE-based LMBs at various C-rates remain stable
as shown in Figure 4b. We further performed the temperature-
dependent charge/discharge test at 0.05 C from —20 °C to 25 °C
(Figure 4c). The full cell delivers high discharge capacities of 166
and 149 mAh g=! at —10 and —15 °C, respectively, correspond-
ing to 74.4% and 66.4% of capacity utilization compared to the
capacity at 25 °C, demonstrating the superior performance of F-
PCEE for operating solid-state LMBs at low temperatures. When
the temperature further decreases to —20 °C, the F-PCEE LMB
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Figure 3. a) Electrochemical floating experiment with Li||F-PCEE||[NCM811 at the voltage range of 4.3—4.7 V with an increment of 0.1 V. b) Voltage profiles
during the cycling performance test of Li||[F-PCEE||[NCM811 full cell in the voltage range of 2.7-4.5 V. ¢) Cycling performance of full cell at 0.5 C. The cell
was precycled at 0.2 C for three cycles. All tests were conducted at 25 °C. 1 C =200 mAh g~'.

exhibits a discharge capacity of 94.8 mAh g=!, corresponding to
42.5% capacity utilization compared to the capacity at 25 °C.
Next, the cycling stability test of the Li||[F-PCEE||NCMS811 full
cell was conducted at —10 °C. Here, we compare the cycling per-
formance of the full cells using BA-PCEE to demonstrate the im-
portance of electrolyte properties on the battery cycling perfor-
mance (Figure 4d). The F-PCEE full cell showed a high capac-
ity retention of 85.3% with an average CE of 99.2% after 150 cy-
cles at 0.1 C. The increase in the discharge capacity during the
initial 30 cycles could be attributed to the activation of the ac-
tive materials.*%!) In contrast, the full cell using BA-PCEE at
—10 °C exhibited fast capacity decay with lower initial capacity at
0.1 C compared to the F-PCEE. The replicated cell performances
with F-PCEE and BA-PCEE are presented in Figure S17 (Sup-
porting Information). We attribute the poor electrochemical per-
formance of BA-PCEE to the low ¢ of 0.016 mS cm™! and poor
U, of 0.86 k] m~3 at —10 °C (Figures 2¢,d). Specifically, BA-PCEE
exhibiting a discharge capacity of %160 mAh g~! at 0.033 C expe-
rienced a significant capacity drop to 70 mAh g=! at 0.1 C. Fur-
thermore, at —10 °C, the poor mechanical resilience of BA-PCEE
is insufficient to accommodate the large volume change of the
Li metal and to suppress the Li dendrite growth during cycling.
Electrochemical impedance spectroscopy (EIS) measurements
revealed that the F-PCEE showed significantly lower ohmic (R,),
SEI layer (Rgg;), and charge transfer (R) resistances than those
of BA-PCEE after 150 cycles at —10 °C (Figure 4e and Figure
S18, Supporting Information). These lower resistances indicate
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that F-PCEE forms highly conductive and kinetically favorable in-
terphases, facilitating superior electrochemical performance of
LMBs at low temperatures. Benefiting from these features of F-
PCEE, the Li||F-PCEE||LiFePO, (LFP) full cell exhibited a high
discharge capacity of ~#109 mAh g™ and great cycling perfor-
mance at —10 °C as shown in Figure S19 (Supporting Informa-
tion). Thus, the F-PCEE full cell demonstrated one of the highest
cycling performances among SPE-based LMBs operating at a low
temperature (Table S1, Supporting Information).[23-2462-64]

The 150-cycled Li anodes and NCM811 cathodes were fur-
ther investigated to gain a deeper insight into the role of F-
PCEE in enabling the superior cycling performance of LMBs at
—10 °C. The surface morphologies and chemistries of the elec-
trodes were characterized by electron microscopy and X-ray pho-
toelectron spectroscopy (XPS), respectively. The scanning elec-
tron microscopy (SEM) image of the cycled Li metal showed a
uniform and smooth surface after cycling at 25 °C and —10 °C
without dendritic Li (Figures 5a,b). The grain size of the Li metal
was slightly smaller when cycling at —10 °C than at 25 °C, pos-
sibly due to the reduced ionic conductivity and reaction kinetics
at low temperatures.l”] Notably, the densely deposited Li metal
morphologies of F-PCEE without dendritic Li are consistent with
its cycling performance in full cells at both 25 °C and —10 °C
(Figure 3c and Figure 4d). In contrast, at —10 °C, the cycled
Li metal using BA-PCEE exhibited porous morphologies with
mossy Li (Figure S20a, Supporting Information), which corre-
spond to the aggravated cycling performance of BA-PCEE having
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poor ionic conductivity and inferior mechanical resilience at low
temperatures.

For the SEI components, the F-rich SEI layers play a crucial
role in improving the cycling stability and CE of the LMBs by sup-
pressing dendrite growth.[%57! In particular, the LiF species with
their high interfacial energy and shear modulus (58 GPa) stand
out as a favorable SEI component among various inorganic com-
ponents for ensuring high interfacial stability, especially in the
operation of LMBs at a low temperature.'?3234] The high inter-
facial energy of LiF induces the dispersion of localized Li* ions
and uniform deposition of Li, while the high shear modulus of
LiF effectively suppresses Li dendrite growth.[”?] Also, the robust
and stable LiF-rich SEI layer can effectively prevent the SEI from
cracking, inhibiting the continuous consumption of electrolytes
and Li metal.l”73] Nevertheless, operating LMBs at lower temper-
atures generally results in decreased LiF content while increasing
unfavorable organic species such as RCOOLi.[3133]

To demonstrate the importance of F-PCEE in the formation of
LiF-rich SEI, we investigated the chemical composition of SEI on
the 150-cycled Li metal of F-PCEE at 25 °C and —10 °C. First, the
Li 1s spectra of F-PCEE show that the SEI layers contained larger
amounts of inorganic species than organic species after full cell
cycling at 25 °C and —10 °C (Figures 5c,d). In particular, the LiF-
rich SEI layer was maintained when operating at —10 °C as con-
firmed by the LiF peak at 685.2 eV in the F 1s spectra, indicating
the ability to form LiF-rich SEI at low temperatures.[3234 In con-
trast, the Li 1s spectra of BA-PCEE after 150 cycling at —10 °C re-
veal a greater amount of organic components (Li-N-C, RCOOLi)
compared to inorganic species (LiF, Li,O, LiBO, Li,CO,) within
the SEI (Figure S20b, Supporting Information). The O 1s spectra

www.advmat.de

further confirm the inorganic-rich SEI layers of F-PCEE as com-
pared to the organic-rich SEI of BA-PCEE after cycling at —10 °C
(Figure S21, Supporting Information). The organic-rich SEI can
lead to nonuniform Li stripping/plating and decomposition of
electrolytes over cycling, explaining the inferior low-temperature
performances of the BA-PCEE compared to F-PCEE.[®-%] Thus,
the F-rich chemistry of F-PCEE combined with its robust me-
chanical properties effectively mitigated the Li dendrite growth
at —10 °C through the formation of LiF-rich SEI layers.

TEM was utilized to examine the cathode-electrolyte inter-
phase (CEI) in F-PCEE after cycling. TEM images revealed
uniform and thin CEI layers with thicknesses of 3-4 and
7-8 nm for 150-cycled NCM811 at 25 °C and —10 °C, respectively
(Figures 5e,f). These uniform and thin CEI layers are beneficial
for Li* transport across the interphase. For the chemical compo-
nent of the CEI layers, the relative peak intensity of C—O to C—C
peak was slightly larger for cycled cathode at —10 °C (0.51) as
compared to the 25 °C (0.42), which can be attributed to slower
kinetics when cycling at —10 °C (Figures 5g,h).*] The F 1s spec-
tra indicate that the LiF-rich CEI was maintained after cycling at
—10°C as observed by the LiF peak at 685.2 eV. Specifically, cycled
NCMS811 at —10 °C contained 54, 28, 15, and 3% of LiF, BF, CF,
and CF, compounds (Figure S22, Supporting Information). The
stabilization of the Ni-rich cathode is critical for achieving a pro-
longed cycle lifetime at 4.5 V because side reactions of the cath-
ode, including transition metal dissolution and uneven CEI layer
thickening, are detrimental to the cycling lifetime of the LMBs.
In particular, inorganic CEI components (e.g., LiF) can minimize
the parasitic side reactions by forming a robust passivation layer
on the cathode surface.[327%771 Thus, we further demonstrate that
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Figure 4. a) Rate performance of Li||F-PCEE|[NCM811 full cell at —10 °C and b) corresponding voltage profiles. c) Temperature-dependent galvanostatic
discharge profiles of the Li||F-PCEE||[NCM811 full cell at 0.05 C. d) Cycling performance of the Li||F-PCEE||[NCM811 and Li||BA-PCEE||NCM811 full cells
at —10 °C and 0.1 C in the voltage range of 2.7-4.5 V. The first three formation cycles were conducted at 25 °C and 0.1 C. For the cycling at —10 °C,
additional three formation cycles were conducted at 0.033 C. e) The Ry, Rsg,, and Ry of F-PCEE and BA-PCEE of full cells after 150 cycles at —10 °C.
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Figure 5. Characterization of cycled Li metal anode and NCM811 cathode after 150 cycles of Li||F-PCEE|[NCM811 full cell at 25 and —10 °C. Top-view
SEM image of Li-metal anode after cycling at a) 25 °C and b) —10 °C. The scale bars are 10 um. Corresponding Li 1s and F 1s XPS spectra of Li metal anode
after cycling at c) 25 °C and d) —10 °C. TEM image of NCM8&11 cathode after cycling at €) 25 °C and f) —10 °C. The scale bars are 10 nm. Corresponding
C 1s and F 1s XPS spectra of NCM811 cathode after cycling at g) 25 °C and h) —10 °C.

the F-PCEE facilitates the formation of robust LiF-rich CEI layers,
contributing to the stabilization of the NCM811 cathode in LMBs.

To elucidate the role of mechanical resilience on electrochem-
ical performance, we illustrate the mechanisms of full cells us-
ing either F-PCEE or BA-PCEE when cycling at low tempera-
tures (Scheme 2). When charging at —10 °C, the Li metal an-
ode in the full cell using F-PCEE exhibits more favorable Li
deposition compared to that in the full cell using BA-PCEE,
due to the superior ionic conductivity of F-PCEE. Furthermore,
the mechanical resilience of elastomeric electrolytes is crucial
for maintaining interfacial contact between the electrolytes and
Li metal electrodes during cell cycling.[*’! Specifically, the F-
PCEE with high mechanical resilience can accommodate the
large volume change and suppress the nucleation of Li dendrite
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growth, thereby maintaining its stable contact with Li metal an-
ode upon discharging (Scheme 2a). In contrast, the permanent
deformation of BA-PCEE during charging causes a loss of contact
between the electrolyte and electrode after discharging, due to its
poor mechanical resilience (Scheme 2b). Therefore, the lack of
uniform Li* flux and high interfacial resistance in the BA-PCEE
can exacerbate the electrochemical performance of the full cell
during repeated charge and discharge cycles atlow temperatures.

3. Conclusions

We developed a fluorinated elastomeric electrolyte for achiev-
ing solid-state LMBs operating at low temperatures and high
voltages. The F-PCEE was fabricated via polymerization-induced
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Scheme 2. Schematicillustrations of the proposed mechanism for the dif-
ferent cycling performances of a full cell using either a) F-PCEE or b) BA-
PCEE at low temperatures.

phase separation between the poly(HFBA) and SN phases. The
selective localization of Li* through the strong phase separation
of two phases resulted in robust mechanical properties (e.g., a
mechanical strain of ~#300% and U, = 52.7 k] m~*) and a high
o of 0.23 mS cm™" at —10 °C. These combined features con-
tributed to the superior cycling performance in the Li||F-PCEE||Li
symmetric cell at —10 °C and 1.0 mA cm~? with a cycling life-
time exceeding 1500 h. In the Li||F-PCEE||[NCMS811 full cell op-
erating at —10 °C and a high cut-off voltage of 4.5 V, an out-
standing cycling performance of ~85.3% capacity retention af-
ter 150 cycles was attributed to the densely deposited Li, LiF-rich
SEI layer, and robust CEI layer. The role of F-PCEE in operating
LMBs at low temperatures has been investigated by comparing its
temperature-dependent mechanical properties and electrochem-
ical performances with those of the BA-PCEE. Thus, this work
highlights the design principle of elastomeric electrolytes for de-
veloping high-performance solid-state LMBs for applications in
low-temperature environments.

4. Experimental Section

Polymer Electrolyte Preparation: F-PCEE and BA-PCEE were fabricated
in an argon gas-filled glove box (<0.1 ppm of O, and H,0). Both HFBA
and BA were degassed via argon gas bubbling for 30 min before use.
SN was used after repeated freeze-pump-thaw cycles. The F-PCEE pre-
cursor solution was prepared by mixing HFBA-based and SN-based so-
lutions with varying fcy, which represents the (volume of SN)/(volume of
SN + volume of HFBA) within the mixed solution. HFBA-based solutions
were prepared by dissolving 4 mol% PEGDA (M,, =575 g mol~') in HFBA
monomer. The SN-based solutions were prepared by dissolving LiTFSI and
LiDFOB. The salt concentration within the F-PCEE precursor solution is
fixed to 0.8 M LiTFSI and 0.2 m LiDFOB. A 4 vol% of fluoroethylene car-
bonate (FEC) was added to prevent side reactions of SN with Li metal.
Subsequently, 0.5 mol% AIBN was added to the mixture and stirred for
3 min to make the homogeneous F-PCEE precursor solution. The F-PCEE
precursor solution was polymerized at 70 °C for 2 h to obtain F-PCEE.
In a similar procedure to F-PCEE, the BA-PCEE was synthesized from
the precursor solution containing the same volume ratio of BA and SN,
1 mol% PEGDA, 0.8 m LiTFSI, 0.2 m LiDFOB, 4 vol% FEC, and 0.5 mol%
AIBN.

Material Characterization: 7Li solid-state NMR spectra were obtained
from a 500 MHz Avance Il HD Bruker Solid-state NMR. Due to the mois-
ture sensitivity of ’Li solid-state NMR measurements, prepared F-PCEE
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and BA-PCEE samples were sealed inside a poly(chlorotrifluoroethylene)
rotor within a glove box. The obtained NMR spectra were referenced to
a 1 m LiCl aqueous solution at 0 ppm. TGA (TA instruments Q500) was
measured from 45 °C to 700 °C at a heating rate of 10 °C min~" under
a nitrogen atmosphere. DSC graphs were obtained using a TA instrument
Q200 under a nitrogen atmosphere at a cooling and a heating rate of 10 °C
min~". The FT-IR was carried out in the attenuated total reflection mode
using a Brucker ALPHA-P spectrometer. Mechanical tensile test was per-
formed using UTM (Shimadzu AG-X Plus 50 kN) with a 100 N load cell at
100 mm min~". Bulk samples were prepared in a Teflon mold (ASTM D 638
type 4). Cryo-TEM specimens were prepared as follows. F-PCEE was rapidly
quenched in liquid nitrogen for 10 s. A Leica EM FC7 ultramicrotome con-
taining a cryo chamber, equipped with a glass knife and set to a cutting rate
of 0.3 mm s~', was used to section the vitrified F-PCEE. The sample face
for the sample preparation was approximately 200 x 200 um. The ultrathin
film, about 50 nm thick and maintained at temperatures between —80 °C to
—75 °C, was transferred onto a 200 mesh carbon-coated copper grid (Elec-
tron Microscopy Sciences). Cross-sectional images were acquired using a
JEOL JEM-1400 (JEOL Ltd., Tokyo, Japan) operating at 120 kV equipped
with a Gatan 914 cryo-holder (Gatan Inc.). The TEM images were recorded
with a T's exposure time utilizing a Veleta charge-coupled device camera
(EMSIS GmbH). Data were analyzed with the RADIUS imaging software
(Olympus Soft Imaging Solutions). For the adhesion test, F-PCEE was in
situ polymerized between the NCM811 cathodes, and the adhesion energy
was measured by using UTM.

The chemical compositions of SEI and CEl formed on the Li metal
anode and NCM811 cathode were characterized by XPS measurements
(Thermal Scientific Nexsa G2). After full cell cycling, the cells were disas-
sembled in an argon-filled glove box. Then Li metal and NCM811 cath-
odes were transferred to XPS using a vacuum transfer holder to pre-
vent any side reaction from ambient oxygen and moisture. The morphol-
ogy of the cycled-Li metal was characterized by SEM measurements (Hi-
tachi SU8230). The morphology of CEl after cell cycling was observed by
TEM measurements (Tecnai G2 F30 S-Twin). TEM samples were collected
from the disassembled NCM811 electrodes and loaded on a lacey carbon-
coated TEM grid.

Positive Electrode Preparation: NCM811 and LFP cathodes were pre-
pared by a slurry coating method. The slurry was made by mixing 80
wt% active material, 10 wt% Super P carbon as a conductive carbon, and
10 wt% poly(vinylidene fluoride) as a binder in an N-methyl-2-pyrrolidone
for 18 h. The slurry was coated onto a carbon-coated Al foil and then dried
at 90 °C for 30 min. The mass loading of active materials was 2.0 mg
cm™2,

Electrochemical Measurement: The electrochemical performance tests
were carried out using 2032-type coin cells in an argon-filled glove-
box (<0.1 ppm of O, and H,0). Depending on the characterization
techniques, appropriate electrodes were selected from stainless steel
(SS), Li foil, and NCM811 or LFP electrodes. For in situ polymeriza-
tion, the homogeneous precursor solution was injected into a 14um-thick
poly(propylene) or 260um-thick glass fiber to prevent a short circuit in a
coin cell. The crimped coin cell was placed in an oven at 70 °C for 2 h.
The ionic conductivities were measured with SS||SS symmetric cells in an
environmental chamber (Jeio Tech TC3-KE-025) using EIS measurements
(Bio-Logic SP-200). To investigate the electrochemical stability between Li
and F-PCEE, Li||F-PCEE||Li symmetric coin cells were assembled without a
separator.37] LSV was carried out using Li||SS asymmetric cells from 1.5 to
7V versus Li/Li* at a scan rate of T mV s™".

For the fabrication of full cells with NCM811 or LFP cathodes, the pre-
cursor solution was infiltrated into the electrodes to improve the inter-
facial contact between the electrolyte and electrode. The electrochemical
floating test was carried out in the fully charged states of Li|[NCM811 full
cells from 4.3 to 4.7 V versus Li/Li* with voltage holding for 15 h. The
galvanostatic charge/discharge tests were performed in the voltage range
of 2.7-4.5 V for 40-um-thick Li|[NMC811 and 2.5 — 4.0 V for 40-um-thick
Li||LFP to evaluate the cycling performance and rate capabilities with three
formation cycles at 0.1 C and 25 °C before main cycling. For the cycling per-
formance at —10 °C, three times of additional formation cycles were per-
formed at a current rate of 0.033 C. All cell performance tests were carried
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out in an environmental chamber to maintain a desired temperature. To
investigate the variation of resistance factors in full cells upon cycling, EIS
was measured from 5 MHz to 2 mHz.
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