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Solid polymer electrolytes composed of poly(e-caprolactone) (PCL) and lithium bis(trifluoromethane) sulfony-
limide (LiTFSI) salt were prepared for investigating their electrochemical properties. The optimized solid
polymer electrolyte showed ionic conductivities of 2.5 x 107> and 1.6 x 10™* S cm™! at room temperature and
55 °C, respectively. Dimensional stability was improved by infiltrating PCL-based solid polymer electrolyte into
the porous polymer membranes prepared from poly(ether imide) (PEI), polyacrylonitrile (PAN) and non-woven

polypropylene (PP) membranes. Due to the highly porous nature and good compatibility of the PEI membrane
toward the PCL-based solid polymer electrolyte, a solid-state Li/LiNip cCop 2Mng 202 cell assembled with a solid
polymer electrolyte employing a PEI membrane exhibited the best cycling performance. Based on our results, this
highly porous PEI membrane is proposed as a promising supporting membrane for enhancing the mechanical
stability of amorphous solid polymer electrolytes for applications in all-solid-state lithium batteries.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have become the main
power sources for portable electronic devices, and their applications
have rapidly expanded to electric vehicles and large-scale energy stor-
age systems based on their excellent cycling performance with respect to
energy density and cycle life [1-5]. Although current commercialized
LIBs employing liquid electrolytes exhibit superior cycle performance
compared to other rechargeable battery systems, there are still concerns
related to the use of liquid electrolytes, such as solvent leakage, high
volatility and flammability, which make full utilization for large ca-
pacity applications very challenging due to the safety issues [5,6]. As a
strategy for enhancing battery safety, all-solid-state lithium battery
assembled with a solid-state electrolyte has gained great attention
[7-12]. Among the various types of solid electrolytes, solvent-free
polymer electrolytes have attractive properties such as absence of
leakage problem, non-flammability, easy processing for producing a thin
film, low cost, design flexibility, cuttable shapes and good interfacial
contacts with electrodes. Although there are some limits in
all-solid-state lithium metal batteries using solid polymer electrolyte
such as low energy density and cycling stability related with Li metal,
they are promising for various niche applications such as wearable de-
vices, flexible displays, highly safe electric vehicles, tailorable and
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penetrable batteries [13-15]. To date, poly(ethylene oxide)(PEO)-based
solid polymer electrolytes have been intensively studied for LIB appli-
cations, since PEO has strong solvating properties for dissolving lithium
salts and high chain flexibility with a low glass transition temperature
(Tg: ~ —60 °C) [16-19]. However, they have significant drawbacks such
as low ionic conductivity (<107%s cm’l) at ambient temperature due to
the semi-crystalline nature of PEO and low oxidative stability at higher
voltage than 4.0 V. As an alternative to PEO-based polymers, many
non-PEO polymers with high solvation ability and low glass transition
temperature have been actively studied to produce solid polymer elec-
trolyte with high ionic conductivity [20-29]. Among the investigated
polymer hosts for preparing solid polymer electrolytes, polyester-based
polymers such as poly(ethylene adipate), poly(butylene adipate), poly
(ethylene succinate) and poly(e-caprolactone) (PCL) have been studied,
because they can effectively dissolve lithium salts, thus providing a
sufficient number of free ions and exhibit higher anodic stability than
PEO-based solid polymer electrolytes [30-37]. Some of polyester-based
solid polymer electrolytes exhibited high ionic conductivities at ambient
and high temperatures, however, their mechanical properties were often
poor and thin free-standing films could not be obtained without a
thermal curing process.

In our work, we prepared solid polymer electrolytes with semi-
crystalline PCL and lithium bis(trifluoromethane) sulfonylimide
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(LiTFSI), which exhibited fully amorphous nature and high ionic con-
ductivity at high salt concentration. To improve their dimensional sta-
bility without thermal cross-linking process, the PCL-based solid
polymer electrolyte was penetrated into highly porous polymer mem-
branes that had been prepared from poly(ether imide) (PEI), poly-
acrylonitrile (PAN) and polypropylene (PP). The membrane-supported
solid polymer electrolyte was then applied to all-solid-state lithium cell
composed of a lithium anode and a LiNiggCog2Mng 205 cathode.
Cycling performance of the Li/LiNig ¢Cog 2Mng 202 cells using different
porous polymer membrane was evaluated and the best type of polymer
membrane was suggested as a supporting membrane for all-solid-state
lithium cell.

2. Experimental
2.1. Materials

PCL (Mn = 80,000) and PAN (Mw = 150,000) were purchased from
Sigma-Aldrich and used after a vacuum drying at 40 °C for 24 h. Non-
woven PP membranes (thickness: 100 pm, porosity: 70%) and LiTFSI
(battery grade) were purchased from Nippon Kodoshi Corporation and
Panax Etec Co. Ltd., respectively, then were used after drying in a vac-
uum oven at 100 °C for 24 h. Pyromellitic dianhydride (PMDA, Sigma-
Aldrich), 4,4'-oxydianiline (ODA, Sigma-Aldrich) were used after vac-
uum drying at 60 °C for 12 h. Tetrahydrofuran (THF, anhydrous, Alfa
Aesar), N,N-dimethylformamide (DMF, anhydrous, Sigma-Aldrich), 1-
methyl-2-pyrrolidone (NMP, anhydrous, Sigma-Aldrich) and N,N-
dimethylacetamide (DMAc, anhydrous, Sigma-Aldrich) were used as
received.

2.2. Synthesis of poly(amic acid)(PAA)

Poly(amic acid) (PAA) was synthesized via polycondensation reac-
tion of dianhydride (PMDA) and diamine (ODA). ODA (13.8 g, 68.8
mmol) was added into a four-neck round-bottomed flask containing
anhydrous NMP solvent (100 g) under a nitrogen atmosphere. The
resulting solution was cooled and maintained at —10 °C using a bath
circulator. PMDA (15.0 g, 68.8 mmol) dissolved in NMP (43.2 g) was
added to the flask to react with ODA. The solution was stirred for 24 h,
and it finally became a viscous yellowish PAA solution. The PAA solu-
tion was precipitated in a mixed solvent of water and methanol (3:1 by
volume) and filtered to remove the residual solvent. The obtained PAA
was dried in a vacuum oven at 80 °C for 12 h.

2.3. Preparation of electrospun PEI and PAN membranes

Porous PEI and PAN membrane were prepared using the electro-
spinning method. PAA was first dissolved in DMAc at a concentration of
33.0 wt% and the solution was fed through a capillary line using a
plastic syringe. A high voltage of 18 kV was applied to the needle and the
flow rate of the spinning solution was fixed at 0.4 ml h ! using a syringe
pump. The tip-to-collector distance was 15 cm and the metal drum was
rotated at 100 rpm. The electrospun PAA membrane was collected on an
aluminum foil-wrapped drum and dried overnight in a vacuum oven at
80 °C. To induce the imidization of PAA, the obtained membrane was
baked in an electric furnace. The temperature was increased at a rate of
5 °C min~! up to 300 °C and maintained for 2 h under a nitrogen at-
mosphere. Finally, the porous PEI membrane with a thickness of 60 pm
was obtained. The electrospun PAN membrane was also obtained in a
similar way, except for necessary variance in the electrospinning con-
ditions. In the case of the PAN membrane, 12 wt% PAN solution in
anhydrous DMF was used, and the applied voltage and the flow rate
were adjusted to 15 kV and 0.6 ml h™}, respectively. The thickness of
electrospun PAN membrane was controlled to 60 pm.
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2.4. Preparation of the solid polymer electrolytes

PCL and LiTFSI with different molar ratios were dissolved in an
anhydrous THF at 60 °C for 12 h, as given in Table 1. Herein, the salt
concentration in the solid polymer electrolyte is expressed as a molar
ratio of repeat unit (RU) of PCL to LiTFSI salt.

A doctor blade was used to cast the solution onto a Teflon plate and
the THF solvent was allowed to slowly evaporate at room temperature in
a glove box. The obtained solid polymer electrolyte was further dried in
a vacuum oven at 80 °C for 12 h to completely remove any residual
solvent. To prepare the membrane-supported solid polymer electrolytes,
the porous polymer membranes (PEI, PAN, PP) were immersed in the
polymer electrolyte solution (PCL and LiTFSI dissolved in THF) for 24 h,
as depicted in Fig. 1. The resulting membranes were removed, allowing
slow evaporation of the solvent at room temperature. After evaporation
of THF, the membrane-supported solid polymer electrolytes were
further dried in a vacuum oven at 80 °C for 24 h. After vacuum drying,
the free-standing flexible thin film was obtained. All the procedures for
preparing the solid polymer electrolytes were performed in a glove box
filled with argon gas.

2.5. Electrode preparation and cell assembly

The lithium anode was prepared by pressing a lithium foil (200 pm,
Honjo Metal Co., Ltd.) onto a copper current collector. The composite
LiNig 6Cog 2Mng 205 cathode was prepared by casting a THF-based
viscous slurry containing LiNip Cog 2Mng 202, PCL, LiTFSI, and Super
P carbon with a weight ratio of 60.0 : 18.3: 11.7 : 10.0 onto Al foil. PCL
was used as a binder as well as Li™-ion conductor in the composite
cathode. The electrode was roll-pressed to enhance the particulate
interfacial contact and adhesion to the Al current collector. The elec-
trode was then dried under vacuum for overnight at 80 °C. The active
mass loading in the composite cathode was about 3.5 mg cm 2. A solid-
state Li/LiNipCog.2Mng 20, cell was assembled by sandwiching the
membrane-supported solid polymer electrolyte between the lithium
anode and the LiNipgCop2Mng 202 cathode in a coin-type-cell (CR
2032). The cell was aged at 55 °C for 24 h to promote the interfacial
contact between solid polymer electrolyte and electrodes. All of the cells
were assembled in the glove box filled with argon gas.

2.6. Characterization and measurements

Differential scanning calorimetry (DSC) measurements were per-
formed using a TA instrument (SDT Q600/DSC Q20) at a heating rate of
5 °C min~! in the temperature range of —80 to 100 °C under a dry ni-
trogen atmosphere. The porosity of electrospun membranes was deter-
mined by immersing samples into n-butanol for 1 h and calculated
according to Equation (1):

e/ Py

— ™ %100, (€]
my + m,
b/pb s/ps

Porosity(%) =

where my, is the weight of absorbed n-butanol, my is the weight of the
membrane, p;, is the density of n-butanol and ps is the density of the
membrane [38,39]. Attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectra of the solid polymer electrolytes were

Table 1
Composition of PCL-based solid polymer electrolytes.

Solid polymer electrolyte PCL (wt.%) LiTFSI (wt.%) [RU]/[LiTFSI]

PCL-2 44 56 2/1
PCL-4 61 39 4/1
PCL-6 70 30 6/1
PCL-8 76 24 8/1
PCL-16 86 14 16/1
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Fig. 1. Schematic illustration for preparing the membrane-supported solid
polymer electrolytes.

obtained using a Nicolet iS50 Fourier-transform infrared spectrometer
(Thermo Scientific) in the wavenumber range of 400-4,000 cm L. The
morphologies of the porous membranes and membrane-supported solid
polymer electrolytes were examined using field-emission scanning
electron microscopy (FE-SEM, JEOL JSM-6330F). For ionic-conductivity
measurements, the solid polymer electrolyte was sandwiched between
two disk-like stainless-steel electrodes. AC impedance measurements
were performed using a Zahner Elektrik IM6 impedance analyzer in the
frequency range of 10 Hz to 1 MHz with an amplitude of 10 mV at
different temperatures. Each sample was allowed to equilibrate for 1 h at
the required temperature before measurement. Linear sweep voltam-
metry (LSV) was performed to investigate the electrochemical stability
of the solid polymer electrolyte on a platinum working electrode, with
lithium metal as the counter and reference electrodes, at a scanning rate
of 1.0 mV s~! and 55 °C. Charge and discharge cycling test of the
solid-state Li/LiNigCog2Mng 205 cells was conducted at a constant
current rate in the voltage range of 3.0-4.2 V using battery test equip-
ment (WBCS 3000, Wonatech) at 55 °C.

3. Results and discussion

Fig. 2a shows the DSC thermograms of PCL and PCL-based solid
polymer electrolytes with different salt concentrations. The melting
transition of PCL was clearly observed around 55.9 °C and its crystal-
linity was calculated as 40.3% based on its heat of melting. As shown in
the figure, the degree of crystallinity gradually decreased with
increasing salt concentration, and the melting peak completely dis-
appeared at high salt concentration, indicating the solid polymer elec-
trolyte becomes fully amorphous above [RU]/[LiTFSI] = 4.0. The
reduction of crystallinity is caused by intermolecular physical cross-
linking through ion-polymer interactions occurred in the solid poly-
mer electrolyte [40]. The Ty value of solid polymer electrolytes
decreased with salt concentration. This result can be explained by the
increased conformational mobility of the polymer backbone with
increasing salt concentrations, as previously reported [22,28]. In addi-
tion, the plasticizing of polymer by LiTFSI is also attributed to the
decrease in Ty of solid polymer electrolyte. Fig. 2b shows the tempera-
ture dependence of ionic conductivity for solid polymer electrolytes
with different salt concentration. Semi-crystalline solid polymer elec-
trolytes (PCL-16, PCL-8, PCL-6) showed an abrupt decrease in ionic
conductivity around its melting temperature (Tp,), which arises from its
crystalline nature below Tp. On the other hand, the temperature
dependence of ionic conductivity for fully amorphous solid polymer
electrolytes (PCL-4, PCL-2) exhibited Vogel-Tamman-Fulcher (VTF)
behavior over the temperature ranges investigated, indicating that ionic
conduction in the amorphous solid polymer electrolyte mainly depends
on the segmental motion of the polymer chain [41].

When comparing the ionic conductivity of the solid polymer elec-
trolytes at the same temperature, the ionic conductivity was increased
with salt concentration. As discussed earlier, the addition of LiTFSI into
PCL polymer decreases the Ty of the solid polymer electrolyte, resulting
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Fig. 2. (a) DSC thermograms of PCL and solid polymer electrolytes with
different salt concentration and (b) temperature dependence of ionic conduc-
tivities of solid polymer electrolytes with different salt concentrations.

in improved ionic mobility. The number of free ions is also increased
with LiTFSI concentration. Accordingly, the increase in ionic conduc-
tivity with salt concentration can be attributed to the increases in both
ionic mobility and number of charge carriers. PCL-4 exhibited ionic
conductivities of 2.5 x 107> and 1.6 x 107* S cm ™! at 25 and 55 °C,
respectively. lonic conductivity could be increased by further increasing
the salt concentration over [RU]/[LiTFSI] = 2.0, however, the me-
chanical stability of solid polymer electrolyte became very weak and
sticky.

The chain conformation of PCL and ion-polymer interactions in the
solid polymer electrolyte were investigated by FT-IR analysis. FT-IR
spectra of PCL and solid polymer electrolytes with different salt con-
centrations are presented in Fig. 3. The bands observed at 2865 and
2945 cm ! in the spectrum of the PCL polymer (Fig. 3a) can be assigned
to symmetric and antisymmetric stretching vibrations of CHj in the
backbone of PCL, respectively [42]. As a LiTFSI salt was added into PCL,
new bands appeared at 2915 and 2848 cm ™!, which corresponded to the
CH,, stretching vibrations of normal alkanes. This result indicates that
the local segmental motion of PCL is enhanced with the addition of
LiTFSI, which is well consistent with DSC results that the T, values of
solid polymer electrolyte decreased with increasing salt concentration.
The band observed around 1730 cm ™! in the spectrum of PCL polymer
(Fig. 3b) can be assigned to the stretching vibration of the free carbonyl
group (C=0) in the main chain of PCL. A new peak arising from the
ion-polymer interaction between carbonyl groups and Li* ions appeared
around 1700 cm ™! when the LiTFSI salt was added.

The relative intensities of peaks at 1730 and 1700 cm ' could be
calculated, and the results are summarized in Table 2. From the table, it
can be seen that the relative fraction of interacted C=0 groups (1700
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Fig. 3. FT-IR spectra of PCL and solid polymer electrolytes with different salt
concentrations. (a) CHy stretching vibrational and (b) C=0O stretching vibra-
tional regions.

Table 2
Relative fraction of free and interacted carbonyl groups in the solid polymer
electrolytes.

Solid polymer electrolyte ~ Free C=0 (1730 em™!)  Interacted C=0 (1700 cm ™)

PCL-16 0.78 0.22
PCL-8 0.68 0.32
PCL-6 0.51 0.49
PCL-4 0.34 0.66
PCL-2 0.23 0.77

em ™) in the solid polymer electrolyte steadily increased with salt con-
centration, indicating that the number of dissociated ions was increased
with the addition of LiTFSI into PCL.

PCL-2 and PCL-4 exhibited high ionic conductivities due to fully
amorphous nature and high chain flexibility (low Tg), as discussed
earlier. However, they are both very sticky, thus a dimensionally stable
free-standing film is difficult to prepare with them. To overcome their
poor mechanical property, the porous polymer membranes were
employed as the supporting membrane. Highly conductive solid poly-
mer electrolyte, PCL-4, was penetrated into the pores of the porous
membranes prepared with PEI, PAN and PP, respectively. Fig. 4a—c
shows the SEM images of porous membranes used as the supporting
membranes in this study. They are characterized by highly porous
structure. The membrane porosities were measured to be 78, 75 and
70% for PEI, PAN and PP membranes, respectively. The surface SEM
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images of membrane-supported solid polymer electrolytes in Fig. 4d—f
demonstrate that the pores of the membranes are fully covered with
solid polymer electrolyte without any voids or empty space.

From the cross-sectional SEM images of the membranes filled with
solid polymer electrolyte (Fig. 4g-i), it was found that the membrane-
supported solid polymer electrolytes exhibited somewhat different
morphologies. When PEI and PAN were employed as the supporting
membranes, the compact and dense morphology was obtained. In the
case of the PP membrane, the rough cross section was observed. Such a
difference in the cross-sectional morphologies may be mainly caused by
the difference in affinity of polymer membranes with solid polymer
electrolyte filled in the pores. It should be noted that the PCL-based solid
polymer electrolyte is much more compatible with PEI or PAN than
hydrophobic PP.

Fig. 5a shows the temperature dependence of ionic conductivities for
membrane-supported solid polymer electrolytes. When filling solid
polymer electrolyte into the porous polymer membranes, the ionic
conductivity was decreased compared to those of solid polymer elec-
trolyte (PCL-4) itself. The decrease in ionic conductivity can be attrib-
uted to blocking for ion transport, since the supporting polymer
membranes (PEI, PAN, PP) are insulators by nature. The use of highly
porous PEI membrane with high compatibility for the PCL-based solid
polymer electrolyte resulted in the highest ionic conductivity. The PEI
membrane-supported solid polymer electrolyte with a thickness of 65
um showed a high ionic conductivity of 1.1 x 10~*S ecm™! at 55 °C, and
its mechanical strength was almost the same as that of the pristine PEI
membrane. The electrochemical stability of membrane-supported solid
polymer electrolytes was evaluated using LSV measurements at 55 °C,
and the obtained linear sweep voltammograms are shown in Fig. 5b. As
shown in the figure, the oxidative current started to increase around 4.6
V vs Li/Li" in the solid polymer electrolyte without supporting mem-
brane, which can be attributed to the oxidative decomposition of PCL.

All of the membrane-supported solid polymer electrolytes exhibited
slightly improved anodic stability compared to solid polymer electrolyte
without a supporting membrane. The type of supporting membrane
hardly affected the electrochemical stability of the membrane-supported
solid polymer electrolytes. Based on these results, the membrane-
supported solid polymer electrolytes exhibit high ionic conductivity
and good electrochemical stability, which makes them suitable as solid
electrolytes for application in an all-solid-state Li/LiNig Cog 2Mng 202
cell.

A solid-state Li/LiNiggCog2Mng 205 cell was assembled by sand-
wiching the membrane-supported solid polymer electrolyte between the
Li anode and composite LiNiy Cog.2Mng 20> cathode, as schematically
presented in Fig. 6.

The sticky PCL-based solid polymer electrolyte in the porous mem-
brane and the composite LiNiggCop2Mng205 cathode assisted in
enhancing the interfacial contacts between the electrolyte and the
electrodes.

Fig. 7a shows the charge and discharge curves of the solid-state Li/
LiNig ¢Cog.2Mng 20 cell assembled with PEI membrane-supported solid
polymer electrolyte, which are obtained at 55 °C and 0.1C rate. The cell
initially delivered a discharge capacity of 167.2 mA h g~! based on
LiNig 6Cog.2Mng 205 material in the composite cathode. After the 100th
cycle, the discharge capacity was decreased to 136.5 mA h g1, which
corresponded to 81.6% of its initial discharge capacity. The capacity
fading of the cell may be mainly caused by the gradual deterioration of
the interfacial contacts of active material, conducting carbon and solid
polymer electrolyte in the composite cathode, because the binding
property of PCL is inferior to poly(vinylidene fluoride) (PVdF) that
commonly is being used as a binder in the cathode for the commer-
cialized lithium-ion cell. Fig. 7b presents the discharge capacities and
coulombic efficiencies of the solid-state Li/LiNig¢C0g.oMng 202 cells
with different membrane-supported solid polymer electrolytes at 55 °C,
as a function of cycle number. The coulombic efficiency of the cell was
increased after the initial few cycles and reached an almost constant
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Fig. 4. SEM images of (a) PEI, (b) PAN and (c) PP membranes. Surface SEM images of membrane-supported solid polymer electrolytes prepared with (d) PEI, (e) PAN
and (f) PP membranes. Cross-sectional SEM images of membrane-supported solid polymer electrolytes prepared with (g) PEI, (h) PAN and (i) PP membranes.
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value over 99.5% throughout repeated cycling. Among the cells inves-
tigated, the cell with PEI membrane-supported solid polymer electrolyte
exhibited the best cycling performance in terms of discharge capacity
and cycling stability. This result can be ascribed to the high porosity of
the PEI membrane and its good compatibility with the PCL-based solid
polymer electrolyte, resulting in facile ion transport and stable charge
transfer reactions during cycling in the cell.

The cycling performance of the solid-state Li/LiNip 6C0g 2Mng 202
cells with different membrane-supported solid polymer electrolytes was
evaluated at different current rates and 55 °C. Fig. 8a shows the
discharge capacities of the cells assembled with different electrolytes as
a function of the C rate. In this experiment, the current rate was
increased from 0.1 to 1.0C every 5 cycles. The discharge capacities
decreased with increasing C rate due to the polarization. Among the cells
investigated, the cell with PEI membrane-supported solid polymer
electrolyte exhibited the highest discharge capacities at high current
rates, which can be attributed to lower overpotential in the cell, as
previously discussed. The cell assembled with solid polymer electrolyte
employing the PEI membrane exhibited a discharge capacity of 105.2
mA h g~! at 1.0C rate, and a reversible capacity of 157.0 mA h g~! was
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recovered at a 0.1C rate after repeated cycling at high C rates. The cell
assembled with the PEI membrane-supported solid polymer electrolyte
was cycled at 0.5C rate, and the results are presented in Fig. 8b. As
shown in the figure, the cell exhibited an initial discharge capacity of
148.7 mA h g~! with good capacity retention. These results suggest that
the PCL-based amorphous solid polymer electrolyte supported with
highly porous PEI membrane can be applied as the solid electrolyte for
the all-solid-state lithium cell with high capacity and good cycling
stability.

4. Conclusion

Solid polymer electrolytes based on PCL and LiTFSI were prepared,
and their electrochemical properties were investigated. Solid polymer
electrolyte exhibited fully amorphous characteristics and low glass
transition temperature at high salt concentration, resulting in high ionic
conductivity. To prepare the mechanically robust free-standing film, the
solid polymer electrolyte was penetrated into the pores of highly porous
polymer membranes prepared from PEI, PAN and PP. The membrane-
supported solid polymer electrolytes showed high electrochemical sta-
bility and good mechanical properties, which enabled their use as a solid
electrolyte for all-solid-state Li cells. When the PEI was employed as the
supporting membrane, the solid-state Li/LiNig¢Co2Mng 202 cell
exhibited the best cycling performance in terms of cycling stability and
rate capability, demonstrating feasible application of a PEI membrane-
supported solid polymer electrolyte in the all-solid-state lithium
batteries.
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C rate at 55 °C and (b) discharge capacities of the Li/LiNig Cog 2Mng 205 cell
assembled PEI membrane-supported solid polymer electrolytes at 0.5C and
55 °C.
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