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CO,-derived aliphatic polycarbonate-based solid polymer electrolytes (SPEs) with high Li salt

concentrations promise notable electrochemical properties for solid-state lithium metal batteries
(SSLMBs). However, adequate mechanical properties of these electrolytes for long-cycle-life batteries
have rarely been obtained. In this work, we achieved long cycling of SSLMBs utilizing an electrolyte
based on CO,-derived crosslinked random poly(ethylene carbonate-co-ethylene oxide-co-allyl glycidyl
ether) (CP). The CP with as high as 29% crosslinking unit ratio (CP,o) dissolving a high concentration of
LiFSI can be obtained as a mechanically stable self-standing membrane and functions as an efficient
electrolyte with a reasonable ionic conductivity. Remarkably, a Li//LiFePO4 SSLMB with the electrolyte as
the self-standing separator enabled rechargeable operation for 400 cycles at 40 °C, with a coulombic
efficiency of more than 99.5%. This work will pave the way to realize long-cycle-life SSLMBs with highly
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Introduction

Solid-state lithium metal batteries (SSLMBs) have gained ever-
increasing attention due to their improved safety as well as their
high energy density in comparison with the organic liquid-
based counterparts.’ In the polymer-based SSLMBs, conven-
tional liquid electrolytes are substituted with solid polymer
electrolytes (SPEs), which impart thermal stability and good
processability.** In 1973, Wright et al. first reported the ion-
conductive properties of poly(ethylene oxide) (PEO)-metal salt
complexes.® Since the discovery of PEO-based SPEs, various
studies have been conducted to apply PEO-based SPEs as an
electrolyte in battery systems due to their low glass transition
temperature (Tg), which is favorable for fast ionic conduction
mainly occurring in the amorphous region.”* Unfortunately, an
increase in salt concentration leads to an increase in T, due to
the strong and stable complex between Li" and the ether unit,
obstructing the motion of the polymer chains, which inhibits
ion migration.®™

Aliphatic polycarbonates can be derived from the copoly-
merization of epoxides and CO,. The synthetic method was first
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concentrated crosslinked polymer electrolytes in the future.

reported by Inoue and co-workers in 1968."> Motivated by the
concept of CO, utilization, our group initiated studies to
prepare SPEs from poly(ethylene carbonate) (PEC), one of the
CO,-derived aliphatic polycarbonates. The PEC-SPEs containing
imide-type Li salts such as LiTFSI and LiFSI were found to have
intriguing electrochemical properties. An increase in salt
concentration of the PEC-based electrolytes results in better
ionic conductivity with increased carrier ions and lowered Ty,
unlike the PEO system."® Moreover, the PEC-SPEs were found to
give rise to a high lithium transference number (¢;;,) with high
oxidation stability and prevention of Al corrosion thanks to
their highly concentrated nature.'*® Despite the electrolyte
properties being improved at high salt concentrations, their low
ionic conductivity issues remain compared to the PEO system.
To utilize the advantages of polyether- and polycarbonate-based
SPEs, poly(ethylene carbonate-co-ethylene oxide) P(EC/EO) has
been synthesized and evaluated in our previous study. The
results revealed that the highly concentrated P(EC/EO) electro-
Iytes exhibit excellent ionic conductivity, which is higher than
that of the PEC-based electrolyte at the equivalent salt concen-
tration.”” However, the presence of the soft EO segment and the
excessive plasticizing effect of a high content of salt cause the
P(EC/EO)-based electrolytes to be soft and resin-like materials,
which are not self-standing and difficult to handle. The poor
mechanical properties of the P(EC/EO)-based SPEs thus
remained an issue to address.

To enhance the mechanical properties of non-polyether
SPEs, many strategies, such as block copolymers,'®** rein-
forcement by ceramic fillers,***" and crosslinking,?*-** have been
attempted. Our group also attempted to improve the

This journal is © The Royal Society of Chemistry 2024
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mechanical properties of P(EC/EO)-based SPEs by introducing
an allyl glycidyl ether (AGE) unit to obtain crosslinked random
poly(ethylene carbonate-co-ethylene oxide-co-allyl glycidyl ether)
(CP).>»® This crosslinked copolymer exhibited increased
mechanical strength for better use in SPE and cathode
binders.*® Moreover, the CP electrolytes filled with TiO, were
proved to enhance mechanical and ion-conductive properties,
although long-cycle-life SSLMBs are yet to be obtained.””
Crosslinking has also been commonly studied as a strategy to
enhance the mechanical stability of the polyether-based SPE
system, although the crosslinked polyether structures have
been found to limit the salt dissolving power, particularly at
high salt concentrations.”®*?*3* Therefore, the mechanically
stable crosslinked copolymer-based SPE with high salt
concentration should be an interesting novel concept to be
explored.

Herein, we report the realization of a mechanically stable and
self-standing highly concentrated crosslinked polymer electrolyte
(CP-SPE) based on poly(ethylene carbonate-co-ethylene oxide-co-
allyl glycidyl ether) (P(EC/EO/AGE)). The mechanically stable and
highly concentrated CP-SPE was obtained by carefully optimizing
the balance between the EC/EO/AGE unit ratio and Li salt
concentration. Furthermore, we found that the short ether
structure of AGE serves as the ion solvating unit to facilitate the
salt dissociation at high salt concentrations together with the
existence of the carbonyl group in the main chain. The ability of
the CP-SPE to function as an electrolyte for long-cycle-life SSLMBs
is finally evidenced by evaluation of mechanical, thermal, and
electrochemical properties and charge/discharge testing of
a prototype lithium metal cell.

Experimental

Chemicals

Ethylene oxide (EO, Air Water Inc., >99.9%, Osaka, Japan), carbon
dioxide (CO,, Taiyo Nippon Sanso, Japan, >99.99%), allyl glycidyl
ether (AGE, TCI Co., Tokyo, Japan), lithium bis(fluorosulfonyl)
mide (LiFSI, battery-grade, Kishida Chemical Co., Osaka, Japan),
1.45 wt% carbon-coated LiFePO, (LFP, Gelon Lib Group Co., Ltd,
China), poly(vinylidene fluoride) (PVdF, Solef 5130, M,, = 1 000 000
to 1100000, Solvay Co., Belgium), acetylene black (AB, Denka
Black®, Denka Co., Tokyo, Japan), poly(ethylene oxide) (PEO, M, =
100 000, Thermo Scientific, Inc., Massachusetts, USA), N-methyl
pyrrolidone (NMP, >99.5%, Kanto Chemical Co., Tokyo, Japan),
acetonitrile (AN, >99.5%, dehydrated, Kanto Chemical Co., Tokyo,
Japan), chloroform (CHClz;, >99%, Kanto Chemical Co., Tokyo,
Japan), hexane (C¢H,4, >96%, Kanto Chemical Co., Tokyo, Japan),
methanol (CH;0H, >99.8%, Kanto Chemical Co., Tokyo, Japan),
zinc chloride (ZnCl,, Hayashi Pure Chemical Ind., Ltd, Osaka,
Japan), tert-butyl alcohol (C,H;00, >99%, TCI Co., Tokyo, Japan),
and acetone (CH3COCHj3, >99.5%, Kanto Chemical Co., Tokyo,
Japan) were used as received. 2,2'-Azobisisobutyronitrile (AIBN,
TCI Co., Tokyo, Japan) was purified by recrystallization with
methanol before use. Poly(ethylene carbonate) (PEC, QPAC25,
Empower Materials Ltd, New Castle, USA) was dissolved in aceto-
nitrile and purified by pouring into excess methanol. The purified
PEC was dried under vacuum at 60 °C for 48 h before use.
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Potassium hexacyanocobaltate(u) (crystalline K;[Co(CN)g], >90%,
Alfa Aesar, Massachusetts, USA), was purified twice by recrystalli-
zation in deionized water before use.

Synthesis of a double-metal cyanide (DMC) catalyst

A double-metal cyanide (DMC) catalyst was synthesized following
the previous study.'”** Purified K3[Co(CN)e] of 1.33 g was dissolved
in 20 mL of deionized water and added dropwise into a ZnCl,
solution (11.42 g of ZnCl, in 60 mL of deionized water and 30 mL
of tert-butyl alcohol) under stirring for 45 min. Then, the mixed
solution was stirred further for 60 min. The resulting white
suspension was centrifuged at 10 000 rpm. Afterwards, the white
solid was resuspended by stirring in a solution (ter¢-butyl alcohol/
water = 50/50 by volume) for 30 min. The resulting suspension was
precipitated by centrifuging again. The identical suspension/
centrifugation process was repeated by gradually increasing the
portion of tert-butyl alcohol against water (60/40, 70/30, 80/20, and
100/0). Finally, the obtained white solid was dried at 50 °C for 48 h.
The chemical structure of the DMC catalyst can be found in
previous study.**

Synthesis of P(EC/EO/AGE)

EO, AGE, and the DMC catalyst (0.001 g per 1 mL of EO + AGE)
were introduced into a 100 mL autoclave (Taiatsu Techno Co.) with
a magnetic stirrer. The EO: AGE (mol: mol) ratio was varied, as
described in Table 1. Afterwards, 4 MPa of CO, was injected into
the autoclave. In all processes, the exposure of the materials to the
oxygen and moisture in the atmosphere was avoided by utilizing
an Ar-vacuum line. The reaction was carried out at 60 °C for 20 h
with a stirring speed of 600 rpm. The obtained copolymer was
dissolved in chloroform and was purified by pouring the solution
into excess MeOH : hexane with 2 to 3 drops of 1 M HCl(aq). This
purification procedure was repeated 3 times. The purified copol-
ymer was dried under vacuum at 60 °C for 48 h.

Synthesis of P(EC/EO)

P(EC/EO) was synthesized from EO as a monomer with a DMC
catalyst (0.001 g per 1 mL of EO). The CO, pressure, tempera-
ture, reaction time, and purification procedure were identical to
those for the synthesis of P(EC/EO/AGE).

Preparation of crosslinked P(EC/EO/AGE) (CP)

The obtained neat copolymer P(EC/EO/AGE) was weighed in
a 30 mL bottle with 3 wt% of AIBN. The substances were

Table1 Starting monomer ratios and results of copolymerization of 4
MPa CO, with EO and AGE using the DMC catalyst (at 60 °C for 20 h)

Monomer unit

(%)
EO:AGE
Copolymer (mol) EC EO AGE M, M,, PDI
Neatg 10:1 60 32 8 1.3 x 10° 3.8 x 10° 2.9
Neat,, 5:1 58 28 14 1.6 x 10° 4.2 x 10° 2.6
Neat,; 3:1 54 23 23 51 x 10* 1.3 x 10° 2.6
Neat,g 2:1 52 19 29 6.2 x 10* 2.2 x10° 3.6
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dissolved in acetonitrile and blended using a planetary
centrifugal mixer ARE-310 (THINKY, Tokyo, Japan) with a mix-
ing speed of 2000 rpm for 20 min at room temperature. The
solution was poured into a 50 mL poly(propylene) (PP) bottle in
an Ar-filled glovebox. The crosslinking reaction was conducted
at 60 °C for 48 h under reduced pressure. Finally, the solution
was dried under vacuum at 60 °C for 48 h.

Preparation of solid polymer electrolytes (SPEs)

The obtained neat copolymer P(EC/EO/AGE) was weighed in
a 30 mL bottle with various concentrations of LiFSI (x mol%:
[Li*)/[EC + EO + AGE units] x 100 = x). Then, 3 wt% of AIBN with
respect to the copolymer was introduced. All substances were
dissolved in acetonitrile. Afterwards, the solutions were blended
using a planetary centrifugal mixer with a mixing speed of 2000
rpm for 20 min at room temperature. The crosslinking process
was carried out at 60 °C for 48 h under reduced pressure.
Finally, the resulting solution was dried under Ar circulation at
60 °C for 24 h and under vacuum with a glass-tube oven at 60 °C
for 48 h. For SPEs of reference polymers, the polymer and
desired concentration of LiFSI (x mol%: [Li*]/[EO unit] x 100 =
x for PEO, [Li')/[EC unit] x 100 = x for PEC, and [Li']/[EC + EO
units] x 100 = x for P(EC/EO)) were dissolved in acetonitrile in
a 30 mL bottle. The solutions were blended using the same
procedure as for the CP-SPE. Finally, the solutions were cast on
a PTFE Petri dish and dried under Ar circulation at 60 °C for 24
h and under vacuum using a glass-tube oven at 60 °C for 48 h.
The residual solvent of SPEs was estimated through 'H NMR
using a JNM-ECX400 spectrometer (JEOL Co. Ltd, Tokyo, Japan)
by swelling the recorded amount of SPE samples (approximately
0.01 g) into CDCl; solvent for 24 h before the measurement. A
constant weight of acetone (0.1 g) was added to the sample in
the NMR tube as the reference for the calculation of the weight
of residual solvent.

Preparation of the cathode

A composite cathode was made using the carbon-coated LFP
with acetylene black (AB) as a conductive agent and PVdF as
a binder in a weight ratio of LFP: AB: PVdF = 80:10:10. The
components were mixed in NMP solvent using a planetary
centrifugal mixer with a mixing speed of 2000 rpm for 20 min at
room temperature to obtain a homogeneous slurry. Afterwards,
the slurry was cast on a 20 pm-thick Al foil using a film appli-
cator (Doctor blade No.15593, Yasuda Seiki, Hyogo, Japan) with
a thickness of 4 mils (1 mil = 25.4 pm). The cast cathode was
dried at 70 °C under vacuum for 24 h. Finally, the dried cathode
was pressed at 70 °C with 10 MPa for 30 min and cut into a circle
shape. The obtained cathode was 60 pm thick, excluding the Al
foil layer.

Physicochemical, thermal, and mechanical characterization
studies

The chemical structure of the obtained copolymers has been
confirmed by "H NMR measurement using a JNM-ECX400 spec-
trometer. The neat copolymer was dissolved in CDCl;. To inves-
tigate the molecular weight and polydispersity index (PDI) of neat
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copolymers by size exclusion chromatography (SEC), they were
dissolved in chloroform and examined using an HLC-8320 GPC
EcoSEC (TOSOH Co., Tokyo, Japan). To study the thermal prop-
erties of CPs and their electrolytes, differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA) were
employed to investigate the glass transition and degradation
temperature. DSC was performed using a DSC7020 (Hitachi
High- Tech Co., Tokyo, Japan) in the temperature range of —80 to
80 °C at a heating rate of 10 °C min~" under N, gas flow of 40 mL
min~". The TGA was carried out using a TG/DTA 7200 (Hitachi
High-Tech Co.) in the temperature range of 30 to 500 °C at
a heating rate of 10 °C min ™" under N, gas flow of 100 mL min .
Fourier-transform infrared spectroscopy (FT-IR) was conducted
using an FT-IR-4100 (Jasco Co., Tokyo, Japan) equipped with an
ATR unit (ZnSe lens) in the wavenumber range from 700 to 4000
cm ! at a resolution of 4 cm . The mechanical properties of the
CPs were tested using a tensile tester EZ-LX equipped with a 50 N
load cell (Shimadzu Co., Kyoto, Japan), while a small tensile
tester OZ502 placed in an Ar-filled glovebox equipped with a 50 N
load cell (Sentec Co., Osaka, Japan) was used for the CP,4-SPEs.
Both tests were performed at a stretching speed of 10 mm min ™"
at room temperature. Five measurements were conducted for the
tensile test of each sample; a result that represents the average
performance is selected to report in the text.

Electrochemical characterization

Symmetrical electrochemical cells with stainless steel as
a blocking electrode (SS/SPE/SS) separated by a PTFE spacer
were prepared to investigate the ionic conductivity of SPEs by
potentiostatic electrochemical impedance spectroscopy (EIS).
The cells were kept at 60 °C for 16 h for stabilization prior to the
measurement. The measurements were performed within
a frequency range of 10° to 10> Hz at an amplitude of 30 mV
using a potentiostat/galvanostat SP-150 (Bio-Logic Co., Seyssi-
net-Pariset, France), while decreasing the temperature from 80
to 30 °C at 10 °C intervals. The ionic conductivity was deter-
mined by evaluating the bulk resistance. All processes were
carried out in an Ar-filled glovebox. The oxidative stability of
SPEs was investigated by linear sweep voltammetry (LSV) using
the potentiostat/galvanostat SP-150 at a scanning rate of 1 mV
s~'. The cell configuration of LSV comprised a lithium metal
sheet (lithium metal (Li), Honjo Metal Co., Osaka, Japan) as the
counter/reference electrode and a stainless-steel disk (SS) as the
working electrode (Li/SPE/SS) separated by a 150 pum-thick pol-
yimide film (the center of the film was punched out into ¢ = 6
mm). The cells were kept at 40 °C for 16 h to stabilize the
interfacial contact of the Li/SPE before the measurement.
CR2032 coin cells (CR2032, Hohsen Co., Tokyo, Japan) for the
battery test were assembled with the LFP cathode. The SPE
membrane was placed on the cathode. Then, the Li metal foil
anode was placed on the SPE. The cells were assembled in an Ar-
filled glovebox. The galvanostatic charge/discharge test was
carried out using an HJ1001SM8A battery test system (Hokuto
Denko Co., Tokyo, Japan) at a current rate of C/10 (1C = 160 mA
g~") at 40 °C within a voltage range of 2.5-3.8 V. All cells were
kept at the measuring temperature for 24 h before beginning

This journal is © The Royal Society of Chemistry 2024
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measurements. EIS measurements of the cells during the
battery cycling were conducted using a potentiostat/galvanostat
VSP-300 (Bio-Logic) within a frequency range of 3 x 10°to 10"
Hz at an amplitude of 30 mV. The impedance spectra were fitted
with the equivalent circuit through the Z-fit of the EC-Lab
software.

Results and discussion
Chemical properties of CPs

To look into the effect of the crosslinking unit ratio on the
properties of the CPs and the CP-SPEs based on them, random
P(EC/EO/AGE) copolymers were synthesized with varied prepa-
ration ratios of the AGE monomer. The copolymers having
double bonds to crosslink were synthesized by copolymeriza-
tion of CO,, EO, and AGE with a double-metal cyanide (DMC)
catalyst (Scheme S17). The copolymerization of CO, and epoxide
species typically gives a certain ratio of carbonate and ether
linkages of copolymer, depending on the polymerization
conditions and catalysts. The DMC catalyst was selected in this
work because it is known for its versatility in controlling the
carbonate/ether unit ratio by varying reaction conditions such
as CO, pressure and temperature.**>®

"H NMR confirmed the chemical structures of the obtained
copolymers before crosslinking (Neat,, where x represents the
amount of the AGE unit), as shown in Fig. 1. The 'H NMR
signals are assigned as follows. The peaks at around 4.3 ppm are
the CH, groups in the (a) carbonate-carbonate chain, which is
similar to the peak of PEC in Fig. S1,T and (b) carbonate-ether
chain (carbonate side).”® The peaks at around 3.8 ppm are
determined as the CH, groups in the (c) ether-carbonate chain
(ether side) and (d) ether—ether chain.” The characteristic peaks
of the carbonate-ether chain (b and c¢) shown above were similar

*\/\H\%\GUF\(\[(Jr ’°Jr

SUSUSIEMERN

Carbonate-ether chain
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Fig. 1 'H NMR spectra of P(EC/EQ/AGE) copolymers before
crosslinking.
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to the peaks of P(EC/EO) in Fig. S2.T Compared to the spectrum
of P(EC/EO), the spectrum of P(EC/EO/AGE) copolymer exhibits
the characteristic peaks of the AGE unit. The peaks at 4.9 ppm
(i) and 3.9 ppm (j) are assigned to the CH groups adjacent to the
carbonate linkage and the ether linkage in the AGE unit back-
bone, respectively.*” The overlapping peaks at around 3.5 ppm
(k/K'/K") are the CH, adjacent to the CH group. The peak at
around 4.0 ppm (h/h’) is assigned to CH, of the allyl group
adjacent to the ether linkage in the side chain.*” The peaks at 5.9
ppm (e/e’) and 5.2 ppm (f/f) are the double bonds of the
methylene side and the terminal side, respectively.”>*” To
calculate the EC: EO : AGE molar ratios, we utilized the integral
peak areas of the characteristic '"H NMR signals of EC, EO, and
AGE units (Fig. S31). The monomer ratio was calculated from
the equation.

Ic+d . Ie

Hc+d ' Hc

Iu+b .

EC:EO: :
Hd+b

AGE =

where I and H are the integral area of each peak and the number
of protons for each monomer unit, respectively. The unit ratios
calculated using the equation are summarized in Table 1. All
the obtained neat P(EC/EO/AGE) copolymers had average
molecular weight (M,,) values of more than 100 000 with PDIs
around 2.5 to 3.5, as also shown in Table 1.

Mechanical and thermal properties of CPs

The occurrence of crosslinking was confirmed for all the ob-
tained CPs by the disappearance of the allyl group peak at 1648
cm~ " (ref. 38) in FT-IR (Fig. S47). A tensile test was employed to
compare the mechanical strength of the obtained CPs. The
stress-strain curves are reported in Fig. 2(a). The Young's
modulus values were estimated from the slope in the initial
linear region of the stress-strain curves, as summarized in
Fig. 2(b). Fig. 2(a) shows that the increase in the AGE ratio gives
an increasing trend of mechanical stress at the identical strain
values with reduced elongation at break, where the stress at
break reaches a maximum of 2.5 MPa. Fig. 2(b) also shows an
upward trend of Young's modulus to give a value of 23.5 MPa for
CP,o. The observations reveal that the presence of dense
crosslinking units provides the CPs with more elastic and brittle
nature. The TGA curves in Fig. 2(c) give evidence that the
decomposition temperature at 5 wt% loss (Tgs) slightly
increased with increasing AGE unit to reach the highest Ty5 of
260 °C at CP,o (Table S1f summarises Tys values). This is
probably due to the decrease in the EC linkage ratio, which
should inhibit the back-biting reaction that occurs starting
from the polymer chain ends with carbonate linkages.****
Furthermore, DSC (Fig. 2(d)) shows a decreasing trend of the T,
with increasing AGE ratio, which is probably attributed to the
increased ether side chains of the AGE unit to enhance the
segmental motion of polymer chains.

Ion-conductive properties of CP-SPEs

Afterwards, the CP-based solid polymer electrolytes (CP-SPEs)
with various LiFSI concentrations were prepared by simply
adding LiFSI into the reacting solution of the neat copolymers

J. Mater. Chem. A, 2024, 12, 20278-20287 | 20281
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Fig. 2 (a) Tensile stress—strain curves, (b) Young's modulus values

(error bar: standard deviation), (c) TGA thermograms, and (d) DSC
curves of the CPs.

with the AIBN initiator and evaluated as battery electrolytes.
Fig. 3(a) summarizes the salt concentration dependence of the
ionic conductivity at 40 °C for all the CP-SPEs. The ionic
conductivity of the electrolytes at 120 mol% of LiFSI was also
compared in the form of the Arrhenius plot in Fig. 3(b). These
results reveal that the CP-SPEs exhibit similar trends, showing
peaks of ionic conductivity at certain LiFSI concentrations. We
assume that this behavior reflects the balance between the EC-
like and EO-like salt concentration dependence behavior. It is
known that the salt addition to PEO tends to decrease the
conductivity due to the reduced segmental motion by the
interaction between Li ions and ether chains, while PEC shows
an opposite trend of increase in conductivity due to a superior
effect of plasticization by the salt addition.'**** The CP,;-SPE
provides high ionic conductivity in the relatively low salt
concentration regime to reach a maximum of 5.7 x 10> Scm ™"
at 40 °C at 120 mol%. Nevertheless, this electrolyte could not be
obtained as a self-standing membrane, but rather a soft and
sticky resin-like material, which could not be subjected to the
tensile test. In contrast, the CP,o-SPE displays an increasing
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ionic conductivity trend from 120 to 180 mol%, where tough
and flexible membranes are successfully obtained. The photo-
graphs of CP,y and CP,,-SPE are shown in Fig. S5t and Fig. 4(b-
d), respectively. We assume that the significance of the EC-like
behavior of the CP,4-SPE, which enabled the reasonable ionic
conductivity at the LiFSI concentration of as high as 180 mol%,
relates to the highest EC/EO unit ratio. To compare with ether-
based SPEs, most evaluated species in the field, PEO-LiFSI 5
mol%, which showed the highest ionic conductivity in our
previous studies,"”** was chosen for direct comparison with
CP,o-SPEs in Fig. S6.7 The result shows that the CP,o-SPEs had
the ionic conductivity close to that of the PEO electrolyte at high
LiFSI concentration around 180 mol% in the high temperature
range with a merit of higher conductivity at ambient tempera-
ture range due to their amorphous nature. Based on these
results, CP,o-based electrolytes are hereafter chosen as the
highly concentrated crosslinked electrolyte system to study the
physicochemical, mechanical, and electrochemical properties
in detail.

Details of CP,9 and CP,4-SPEs

Having chosen the CP,4 as the most suitable matrix, the prop-
erties of CP,o and CP,4-SPEs are further studied in detail. In this
study, PEC- and P(EC/EO)-based SPEs are used as the reference
materials to compare with the CP,o-SPEs. The comparison
between DSC curves and T, values of PEC and P(EC/EO)
(Fig. S7f and Table 2) suggests that introducing EO units
significantly reduces T, due to the facilitated segmental motion
by ether linkages. Interestingly, the T, of CP,s was further
lowered from —22 °C to —31 °C compared to the P(EC/EO). We
assume that the segmental motion was further promoted by the
ether linkages in the side chains of the AGE unit. The TGA
thermograms and Tys values (Fig. S8t and Table 2) also give
evidence of the thermal stability of CP,o improved by the pres-
ence of both EO and AGE units, where the Ty5 reaches 260 °C. As
mentioned above, the aliphatic polycarbonate decomposes via
the back-biting mechanism.***° The increased ratio of the non-
EC linkage is attributed to the enhanced thermal decomposi-
tion temperature.

FT-IR spectra in Fig. S9t confirmed the crosslinking reaction
even with the presence of concentrated LiFSI in the reacting
solution, where the peak of the allyl group at 1648 cm ™" (ref. 38)
vanished. "H NMR confirmed that the residual solvent (aceto-
nitrile, AN) of CP,,-SPEs was estimated to be less than 2 wt%
(see the detailed procedure of the estimation described in
Fig. $107), which may have negligible impact on this study. DSC

Table 2 Chemical and thermal properties of PEC, P(EC/EQO), and CP,g

Monomer unit

a) -4.0 b
(@) » at40°C (b) 5 . at 120 mol% LiFsI
4.5 . =
. v 4 b Ty
-'E /\ g * R *
G-5.0 A // \\ 7] >y =
» P — / \ =5 <= A
= a & © I~
5.5+ / N 2 NG A
(- I ’ o ~ ~
2 d =-6 ha Vs, 'S
0] ~—7__ / —v—CP, SPE —v—CP, SPE e E
v Y 4 CP,, SPE 7] -+-cp,spE S
J —4—CP,,SPE 4 CP,SPE
6.51 —8— CP,, SPE s —e—CP,, SPE
80 100 120 140 160 180 200 28 29 30 31 32 33
Salt concentration / mol% 10007 '/K !
Fig. 3 (a) Salt concentration dependence of the ionic conductivity at

40 °C for CP-SPEs and (b) temperature dependence of the ionic
conductivity for CP-SPEs at 120 mol% of LiFSI.
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(%)
Polymer EC EO AGE M, M, T, (°C) Tus (°C)
PEC 99 <1% — 3.5 x10* 1.2 x10° 17 195
P(EC/EO) 56 44 — 7.0 x 10" 1.5 x 10° -22 233
CP,, 52 19 29 6.2 x10* 2.2 x10° -31 260
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160 mol%, and (d) 180 mol% (& = 14 mm). (e) Photograph of P(EC/EO)-
180 mol% LiFSI.

was employed to characterize the T, of CP,o-based electrolytes at
the different salt concentrations, as shown in Fig. S11(a).t The
T, data are given in Table S2.7 The increase in salt concentra-
tion gave rise to a decrease in T to reach —55 °C at 180 mol%,
which reflects the EC-like behavior of the CP,o as discussed
above. TGA in Fig. S11(b)t was utilized to analyze the decom-
posing temperature. The T45 data are also summarized in Table
S2.7 Although the results showed a decrease in decomposing
temperature with the addition of LiFSI, Ty5 values around 150 ©
C are demonstrated for the CP,y-based electrolytes. Besides, the
TGA curves also showed a certain increase in the final residual
mass (%) with increasing salt concentration, indicating the
residual product from the decomposition of lithium salt, which
has also been found in previous studies.***¢

The stress-strain curves and Young's modulus values of the
CP,o-based electrolytes are reported in Fig. 4(a) and Table S2,+
respectively. The CP,5-120 mol% LiFSI had the highest Young's
modulus of 0.8 MPa and was reduced upon the increases in salt
concentration. The elongation at break was also reduced by the
change of salt concentration from 160 to 180 mol%. Photo-
graphs of CP-SPEs in Fig. 4(b-d) revealed obviously that the
CP,o-SPEs exhibit a self-standing membrane while the P(EC/
EO)-180 mol% LiFSI SPE (Fig. 4(e)) is soft as a resin-like material
and could not be subjected to tensile-test. These results suggest
that the salt concentration needs to be carefully optimized to
realize good mechanical and electrochemical properties
simultaneously.

(a)-3 (b) 200

------- P(EC/E0)-180 mol% LiFSI
——CP,,-120 mol% LiFSI

——CP,,-160 mol% LIFSI
- CP,,-180 mol% LiFSI

m?)
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i S, ; 150

51

logo/S cm™
rd
=
=]

N

O P(EC/EO)-180 mol% LiFSI
J—¥— CP4,-120 mol% LiFSI
—— CP,,-160 mol% LiFSI

46— CP ;180 mol% LIFSI

-8
28 29 30 31 32 33
10007/ K™

o
=]

&
&
Current density (1A c

Applied voltage vs. Li/Li*

Fig. 5 (a) Temperature dependence of the ionic conductivity and (b)
LSV curves at 40 °C with a scanning rate of 1 mV s~* for CP,4-based
SPEs at various LiFSI concentrations and P(EC/EQO)-180 mol% LiFSI.
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The Arrhenius plot of ionic conductivity in Fig. 5(a)
compares the ionic conductivities of CP,o-SPEs and the P(EC/
EO)-based SPE. It is worth noting that the ionic conductivity of
the CP,4-180 mol% LiFSI electrolyte is higher than that of the
P(EC/EO)-based SPE to reach 2.2 x 107> S em™" at 40 °C. This
agrees with the decreased T, of the CP,o when compared with
P(EC/EO). The ionic conductivity of the CP,5-160 mol% LiFSI
electrolyte was measured to be 4.5 x 107 °S em ™' at 40 °C and is
lower than that of the 180 mol% electrolyte, although it has the
benefit of greater mechanical properties. We also assume that
the existence of ether linkages in the crosslinking chains of the
AGE unit might enhance the ion dissociation and, thus ionic
conduction, which will be discussed by employing an FT-IR
study in the following section. To achieve a solid electrolyte for
practical use in batteries, the electrolytes need to be electro-
chemically stable with the high voltage operation of the battery
cathode. Thus, the oxidative stability of the CP,o-SPE was
investigated by LSV as displayed in Fig. 5(b). The results show
that all CP,o-SPEs have oxidative stability above 4 V vs. Li/Li"
(the voltage at 2 pA em™?). It is also noteworthy that the increase
in LiFSI concentration gives rise to a greater oxidative stability.
This is probably due to the highly aggregated structure of Li"
and imide-type anions, which has been reported to improve the
oxidation stability of the solvent with reduced electron densi-
ties.*”*® Furthermore, the LSV data also confirm that the CP,o-
SPEs had oxidation stability higher than that of P(EC/EO)-180
mol% LiFSI. A study has found that the oxidation of EO chains
in the PEO/LITFSI electrolyte occurs at a low voltage of around
3.2 Vs. Li/Li* due to the deprotonation of the -OH group at the
polymer chain end by the imide-type anion (TFSI™), which
results in the formation of HTFSIL.** A further increase in the
voltage up to around 3.5 Vvs. Li/Li" causes the EO main chain to
be oxidized to form some alcohol products.* In our LSV result,
the P(EC/EO) electrolyte shows similar oxidation steps that
occur ataround 3.0 and 3.7 Vvs. Li/Li". Therefore, the improved
oxidation stability of the CP,o-SPE highlights that the AGE
crosslinking unit probably has an effect to suppress these
oxidation steps of EO chains.

FT-IR spectroscopy

To understand the interaction between the dissolved ions and
polymer chain in the different polymer hosts, the FT-IR study
was conducted as shown in Fig. 6. Fig. 6(a) illustrates the FT-IR
spectra of the carbonate (C=0) stretching vibration mode (vc—
o) at the LiFSI concentration of 0 (original polymers), 10 and 180
mol%. All original polymers without the addition of salt show
the characteristic peaks of vc—o at 1739, 1740, and 1744 cm ™'
for PEC, P(EC/EO), and CP,y systems, respectively. The vc—o
peak of CPyy is located in a significantly higher wavenumber
than PEC and P(EC/EO). Our previous study has confirmed that
a conformation change of the PEC chain from gauche to trans,
which reflects a restriction of the intramolecular interaction
between C=0 and CH,, leads to a higher wavenumber of the
free C=0 peak, with the support of density functional theory
(DFT) calculations for the model oligomer.*® Therefore, the shift
of the vc—o peak of CP,q is probably because the presence of the
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Fig. 6 FT-IR spectra of the neat polymer and the SPEs at 10 and 180
mol% LiFSI in the stretching vibration region of (a) C=0 (vc—o) of the
polymers and (b) S—F (vs_g) of the FSI anion.

AGE unit somehow facilitates the carbonate conformation
changes from gauche to trans by restricting the former.”” To
distinguish the peak positions of free C=0 and C=O inter-
acting with the Li cation (C=0---Li"), the SPEs with 10 mol% of
LiFSI were utilized. It was clear that the C=O0---Li* peak
appeared at approximately 1720 cm '* in these polymer
systems. When 180 mol% of LiFSI was introduced into the neat
polymers, the distinct vc—o peaks of free and interacting C=0
at 10 mol% merge into a broad overlapped peak at around 1735,
1733, and 1730 cm ™ for PEC, P(EC/EO), and CP,s, respectively.
Our previous study has also revealed that the C=0---Li* peak
gradually shifts with increasing LiFSI concentration to a higher
wavenumber from the initial 1720 em ' as the C=0---Li"
interaction is reduced by the increasing contact between Li* and
FSI™ ions (C=O---Li""'FSI").}45! We suppose that the C=0-
Li" peak is obscured by the contribution of free C=0 due to the
above weakening of the interaction, which leads to the shift to
higher wavenumber. In the spectra of 180 mol% electrolytes,
the CP,y-SPE shows the trend of the lowest wavenumber of the
merged peak compared to the PEC- and P(EC/EO)-SPEs. The
existence of ether linkages in the AGE crosslinking units may
play a role in facilitating the ion dissociation, as discussed
below.

To better understand the effect of ion solvation on the anion
in the polymer system, Fig. 6(b) shows the stretching vibration
of the S-F bond (vs_g) in the wavenumber 900-800 cm™". The
addition of 10 mol% of LiFSI into the polymer hosts gives
characteristic vs p peaks at approximately 827 cm ' for P(EC/
EO) and CP,y electrolytes, while the peak was found at
approximately 835 cm™" for PEC. At 180 mol%, the vg_p peaks
for the SPEs exhibit a dramatic shift to higher wavenumbers
around 850 cm™'. The peaks were at the lower wavenumber
positions in the order of CP,,, P(EC/EO), and PEC electrolytes. A
previous study has confirmed that the peak of aggregated FSI™
(AGG FSI™) was distinct from the free FSI anion (FSI™), which
was found at the higher wavenumber in the dimethyl carbonate
(DMC) electrolyte system.* The peak at a higher wavenumber of
the PEC electrolyte represents the higher tendency to form
AGGs, while P(EC/EO) and CP,o, which contain ether chains to
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form complex structures more strongly with Li ions, have
a higher tendency to dissociate salt. It is also worth noting that
the vs_r peak of CP,y is found at a slightly lower wavenumber at
180 mol%, which agrees with the lower wavenumber of the C=
O---Li" (vc—o) peak than that of the P(EC/EO). Given the higher
EC/EO ratio of CP,o than that of P(EC/EO) used in this study (2.7
for CP,4 and 1.3 for P(EC/EO), see Table 2), we suppose that the
existence of ether linkages in the AGE crosslinking unit has an
ability to facilitate the salt dissociation, which is advantageous
to increase carrier ions and thus promote the ionic conduction,
in our CP-SPE system.

Battery performance and electrochemical impedance of CP,,-
SPEs

As the CP,5-180 mol% LiFSI electrolyte was confirmed to show
the highest ionic conductivity, it was first selected as an elec-
trolyte to test in a Li//LFP cell. The charge/discharge voltage
profiles are shown in Fig. S12(a).t The results revealed that
CP,9-180 mol% LiFSI gives the discharge capacity of 135 mA h
g ! at the first cycle with a sudden decrease of the capacity at the
eighth cycle, as shown in Fig. S12(b).T Even though CP,5-180
mol% LiFSI provides the highest ionic conductivity, the low
mechanical strength may result in the low stability of cycling.
To achieve better charge/discharge cycling stability, CP,-160
mol% LiFSI, which has both reasonable ionic conductivity and
mechanical properties, was also chosen as an electrolyte to test.
Fig. 7(a) presents the voltage profiles of the Li//LFP cell at 40 °C.
Fig. 7(b) also exhibits the cycling performance of the cell. The
obtained discharge capacity was approximately 58 mA h g~ at
the first cycle and then gradually increased to a maximum of 90
mA h g~' at around the 20th cycle. After that, the discharge
capacity was slightly reduced and stabilized at around 80 mA h
¢! after approximately 100 cycles. Although it is difficult to
assign the exact phenomenon that originates this fluctuation,
we assume that this was caused by mixed effects of an improved
attachment of the SPE/LFP interface and a stabilization process
of the solid electrolyte interphase (SEI) on the surface of both
the Li anode and LFP cathode, as further discussed below. The
result also suggests that coulombic efficiency (CE) remains
consistently high, more than 99.5% after the 400th cycle, even
though some cycles have fluctuations. The battery cycling test
results confirm the clear potential of CP,4-160 mol% LiFSI as an
electrolyte for long-cycle-life SSLMBs.

To look deep into the resistance behavior of the cell, elec-
trochemical impedance spectroscopy (EIS) measurements were
conducted before the cycling and after every 100 cycles, as
summarized in Fig. 7(c). The plots were fitted using the equiv-
alent circuit model illustrated in the figure. The fitting values
are summarized in Table S3.7 In this circuit model, R, denotes
the bulk resistance, which reflects the conductivities of the
CP,9-SPE.**** Then, R, and R; indicate the charge-transfer
resistance between the Li/SPE interface and the SPE/LFP inter-
face, respectively.”® Lastly, W is the Warburg impedance
assigned to the effect of a diffusion-limited electrochemical
process within the SPE/LFP area.*® As a result of the fitting
study, the cycle number evolution of R;, R,, and R; is

This journal is © The Royal Society of Chemistry 2024
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(a) Voltage profiles of charge/discharge, (b) cycling performance, (c) Nyquist plot for fresh and after cycles with the fitting equivalent

circuit model for EIS, and (d) cycle number evolution of the resistance of Li//LFP cells (cathode mass loading: 2.0 mg cm~2 of active materials)
using CP,5-160 mol% LiFSI as an electrolyte at C/10 rate (1C = 160 mA g™%) at 40 °C.

summarized in Fig. 7(d). The result confirmed that at the 100th
cycle, the R, value was reduced compared to the fresh cell. This
resistance reduction probably indicates that a good contact of
the Li/SPE interface was built after the initial conditioning
process, which might have led to an increase in the discharge
capacity, as shown above. Nonetheless, the R, continuously
increased after 200 cycles, which could be attributed to many
origins, such as the thickening film layer of the Li/SPE interface
and porous structures of Li after cycling.’” R; also shows an
increasing trend, possibly due to Li-salt degradation in the
electrolyte.’® Moreover, the R; value increased dramatically from
7.52 kQ of the fresh cell to 36.58 kQ of the cell at the 400th cycle.
We suppose that the increase in R; indicates that the charge/
discharge cycling causes a poor SPE/LFP interfacial contact,
possibly due to the gradual deterioration of cathode material
components.® These results suggest that obtaining more stable
SPE/electrode interfacial resistances by optimizing the battery
electrode components may provide more prolonged cycling
beyond the current limit of 400 cycles. These prototype battery
investigations confirm the clear potential of the highly
concentrated crosslinked polymer-based electrolyte for long-
cycle-life SSLMBs.

This journal is © The Royal Society of Chemistry 2024

Conclusions

Crosslinked P(EC/EO/AGE) copolymers having various AGE
crosslinking units were synthesized and evaluated as a polymer
matrix for SPEs with high concentrations of LiFSI to enable
long-cycle-life SSLMBs. Through comparative studies of the CPs
and their electrolytes (CP-SPEs), the effect of the combination
between the EC/EO/AGE unit ratio and LiFSI concentration was
carefully studied to optimize. As a result, we found that the
electrolyte with 29% AGE units and LiFSI at a concentration of
as high as 160 mol% results in a reasonable ionic conductivity
and favorable mechanical properties simultaneously. FT-IR
results suggested that the ether side chain in the AGE unit
serves as the salt solvating unit to aid salt dissociation and thus
ionic conduction at high salt concentrations. The CP,y-160
mol% LiFSI electrolyte can be obtained as a flexible and self-
standing membrane. Remarkably, galvanostatic charge/
discharge testing of the Li//LFP cell employing the CP,,-160
mol% LiFSI electrolyte membrane as a self-standing separator
exhibited rechargeable operation for up to 400 cycles at 40 °C
with a sustaining coulombic efficiency of more than 99.5%. All
results suggest that the highly concentrated crosslinked copol-
ymer electrolyte has the potential as a new concept to enable
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solid electrolytes with excellent electrochemical and mechan-
ical properties to realize long-cycle-life solid-state lithium metal
batteries in the future.
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