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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jay Laverne In this research, we report an initiator-free and room-temperature 2.5 MeV electron beam (EB)-induced gelation
strategy to in-situ create polyvinylpyrrolidone-based gel polymer electrolytes (PVP-GPEs) in a fully-assembled
lithium ion battery (LIB). A radiation-sensitive liquid precursor consisting of 1-vinyl-2-pyrrolidone (VP), poly
(ethylene glycol) diacrylate (PD), and LiClO4 liquid electrolyte (LE) was effectively converted to freestanding
PVP-GPEs even at an absorbed dose of 2 kGy (Irradiation time of 6 s). The formed GPE at the absorbed dose of 2
kGy exhibited good thermal stability and mechanical integrity while providing good electrochemical oxidative
stability (up to 4.7 V) and ion conductivity (2.03 x 10~> S/cm at 25 °C). Moreover, the LiCoO,/PVP-GPE/
graphite coin cell in-situ prepared at the absorbed dose of 2 kGy showed comparable retention capacity to that of
an LE-based coin cell after 50 cycles. The findings of this study suggest that the proposed in-situ quick EB-induced
gelation strategy (without use of an initiator and thermal treatment) could be a scalable way to allow high-
throughput production of reasonably performing and safe LIBs.
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1. Introduction

Lithium-ion batteries (LIBs), which are promising portable energy
storage devices, have attracted significant interest during the past two
decades because of their high energy density, excellent cycle ability, and
the absence of a memory effect (Chen et al., 2021; Kim et al., 2019;
Service, 2019). Recently, applications of LIBs have been extended from
portable electronics to large-scale energy storage for electric vehicles,
aviation technology, and smart grids (Deng et al., 2020; Duan et al.,
2020; Zubi et al., 2018). An LIB consists of two electrodes, a separator,
and an electrolyte. Among these components, the safety of the
conventionally-used liquid electrolyte (LE), which provides ion trans-
port pathways, is one of the key issues to achieve large-scale LIBs (Chen
et al., 2017; Duan et al., 2020; Schmuch et al., 2018). Due to their high
flammability and corrosiveness, LE-based LIBs have significant potential
dangers, such as combustibility and impact or heat-induced explosion
(Cavers et al., 2022; Cheng et al., 2018; Xu, 2014). To resolve this safety
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problem, solid-like gel polymer electrolytes (GPEs), a promising alter-
native for commercialization, have been widely studied over the last few
decades due to their attractive characteristics (Kuo et al., 2016; Shim
et al.,, 2017; Zhu et al., 2016). GPEs offer appealing characteristics,
including good ion conductivity (two orders of magnitude greater than
that of solid electrolyte) and better stability than that of LEs (Lv et al.,
2018; Rao et al., 2012; Wang et al., 2017b; Zheng et al., 2014 Zhu et al.,
2015).

GPEs generally have been prepared by two main approaches, phys-
ical and chemical gelation (Cho et al., 2019; Ma et al., 2022; Song et al.,
1999). Physical gelation is performed by immersing solid polymer
matrices into a LE, offering good processibility and performance for
manufacturing LIBs (Cho et al., 2019). However, this approach accom-
panies difficulty in control of leakage and severe long-term mechanical
deformation (Ma et al., 2022; Wang et al., 2017a). On the other hand,
chemical gelation by crosslinking or polymerization of a monomer and
crosslinker in the presence of LE has been preferred because it provides
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outstanding long-term LE retention capability and mechanical durability
(Ma et al., 2022). Chemical gelation has mostly been carried out by
thermal treatment (Choi et al., 2014a; Lee et al., 2014; Oh et al., 2011;
Shi et al., 2014; Woo et al., 2018; Zheng et al., 2014; Zhou et al., 2014,
2015). However, the thermal treatment requires long time and high
temperatures (potentially leading to performance degradation and gas
emission-induced cell expansion). An alternative to thermal treatment is
UV irradiation to avoid heat-induced damage (Choi et al., 2014b; Lu
etal., 2019; Shim et al., 2016; Tillmann et al., 2014; Zhang et al., 2019).
However, it has disadvantages, such as limited application to
sub-several micrometer-thick material and the necessity of a photo
initiator (Bella et al., 2013; Choi et al., 2014a,b). Therefore, there is still
strong demand for a quicker, room-temperature, scalable, and one-pot
process to produce high-performance GPE-based LIBs for practical
applications.

Radiation-based technology provides a promising way to prepare
GPE-based LIBs. This technique offers discriminable characteristics
including temperature-independent and additive-free chemical reac-
tion, easy control over the chemical reaction, and scalability (Gupta
et al., 2016). Exploiting these advantages, GPE-based LIBs were pro-
duced by y-irradiation-induced gelation (Wang et al., 2017c). Recently,
studies on the preparation of GPE-based LIBs by electron beam (EB)
irradiation with a high linear energy transfer to enable much faster
processing time have been reported and they exhibited potential as a
scalable manufacturing technology while achieving comparable LIB
performance to LE-based batteries (Sun et al., 2022; Cho et al., 2019;
Guan et al., 2017). However, research through a combination of diverse
radiation-sensitive liquid precursors and EB gelation is still needed in
order to translate these advances to the industrial applications.

In this study, we demonstrate the in-situ formation of poly (vinyl-
pyrrolidone)-based GPE (PVP-GPE) inside LIBs by quicker and more
efficient EB irradiation. For this purpose, a radiation-sensitive GPE
precursor solution was prepared by mixing 1-vinyl-2-pyrrolidone (VP)
as a monomer and poly (ethylene glycol) diacrylate (PD) as a crosslinker
with a commercial LE (1 M LiClO4 in EC/DEC). To investigate the
gelation behavior and the electrochemical properties of the resulting
GPE, the precursor solution was irradiated by an EB at various absorbed
doses. To demonstrate the feasibility of the PVP-GPE-based LIBs for
practical use, coin-type LIBs were prepared by direct EB irradiation-
induced gelation of a cell containing the precursor solution and its
electrochemical performance in terms of charge-discharge character-
istic and cyclic capability was evaluated.

2. Experiments
2.1. Materials

1-Vinyl-2-pyrrolidone (VP, >99.0%), poly (ethylene glycol) dia-
crylate (PEGDA, Mw = 700), lithium perchlorate (LiClO4, 99.99%,
battery grade), ethylene carbonate (EC, anhydrous, 99%) and diethyl
carbonate (DEC, anhydrous, = 99%) were purchased from Sigma-
Aldrich. The LE (1 M LiClO4 in EC/DEC (1/1, v/v) without any other
additives was obtained from Welcos. The positive electrode formed by
coating 95% LiCoO; active material onto an aluminum foil collector was
purchased from MTI Korea Co., Ltd in Korea. The negative electrode,
formed by coating a mixture of 94.5% composite graphite as the active
material and styrene-butadiene rubber/carboxymethyl cellulose (SBR/
CMC) binder onto copper foil, was purchased from MTI Korea Co., Ltd in
Korea. A polypropylene/polyethylene (PP/PE) nonwoven separator was
obtained from Nam Yang Nonwoven Fabric Co., Ltd (Ansan, Korea). All
experiments were carried out in an argon atmosphere glove box (H20
and O3 < 0.1 ppm).

2.2. Preparation of PVP-GPE

The preparation of the precursor solution was carried out in an argon
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atmosphere glove box (H20 and Oz < 0.1 ppm) to minimize moisture
and oxygen exposure. The precursor solution was composed of VP and
PD dissolved in a LE consisting of 1 M LiClO4 in a non-aqueous solution
of EC:DEC with a volume ratio of 1:1. This solution was prepared at a
weight ratio of 6 : 2: 92 (VP: PD: LE, wt %). After adding the precursor
solution into propylene syringes (3 ml), the syringes were put into
aluminum pouches and then thermally sealed to maintain the argon
atmosphere of the glove box. To induce gelation of the precursor solu-
tion, the aluminum pouches were irradiated with an ELV-8 electron
accelerator at a voltage of 2.5 MeV at Korea Atomic Energy Research
Institute (Jeongeup, Korea) at room temperature. The EB current was
2.5 mA and the dose rate was 1 kGy/scan. The EB irradiation was per-
formed while the tray was moved at 20 m/min. The absorbed doses were
applied by increasing the number of scans from 1 to 8 kGy. Radio-
chromic B3 (BC 3000 batch) film dosimetry was performed according to
ISO/ASTM 5149, and the uncertainty of the doses was less than 5%. The
obtained PVP-GPE samples prepared from syringes were cut and used for
characterization in terms of gel fraction, swelling degree, chemical
structure, thermal decomposition, and compressive strength. The PVP-
GPE samples were denoted as PVP-GPE-X, where X stands for the
absorbed dose.

2.3. Characterization of the PVP-GPE

The gel fraction and swelling degree of the PVP-GPEs were measured
gravimetrically method according to ASTM D2765-01. The gel fraction
was determined by measuring the weight change of the dried GPEs
before and after extraction. For extraction, 1 g of dried GPEs was placed
into a 100 mesh stainless steel cage. The soluble part was extracted with
EC/DEC solvent in a round bottom flask under vigorous magnetic stir-
ring for 24 h. After the extraction, the samples were dried in a vacuum at
80 °C for 24 h. The gel fraction of the samples was calculated with the
following equation:

Gel fraction (%) = ‘/V;E x 100 @

o

where W, and W, are the weight of the dried GPEs before and after the
solvent extraction, respectively. To measure the swelling degree, the
GPEs were immersed in an EC/DEC solvent for 24 h at room tempera-
ture. After swelling, the samples were wiped with paper tissue to remove
the excess solvent and then they were accurately weighed. The swelling
degree was calculated as follows:

Swelling degree (%) :w X

o

100 (2

where W; is the swollen weight of the GPEs after swelling in an EC/DEC
solvent.

The chemical structure for the PVP-GPE was analyzed using atten-
uated total reflectance Fourier transform infrared spectrometry (ATR-
FTIR, 640-IR, Varian). Absorbance spectra were obtained under the
conditions of 32 scans at a resolution of 4 cm™! within a range from
4000 to 700 cm™!. Thermogravimetric analysis (TGA, Q 500, TA In-
struments) was conducted to estimate the thermal stability of the PVP-
GPE. The TGA analysis was conducted over a temperature range of
30-600 °C with a heating rate of 10 ‘C/min under a nitrogen atmo-
sphere. The compressive stress and deformation of PVP-GPE were
measured using the as-synthesized gel, which was cut into cylindrical
pieces (diameter = 10 mm and height = 13 mm) by applying a sustained
pressure with a speed of 5 mm/min using a texture meter (TA-XT2i,
Surrey).

2.4. In-situ formation and electrochemical characterization of PVP-GPEs
in coin-type LIBs

All electrochemical evaluations were performed with 2032 coin-type
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cells and all PVP-GPEs in the coin cells for the electrochemical mea-
surements were formed by EB-induced in-situ polymerization in the
assembled state. Also, a separator (nonwoven fabric) was used to pre-
vent direct contact between the two electrodes during in-situ polymeri-
zation in the assembled state. Ionic conductivities were measured
through electrochemical impedance spectroscopy (EIS, SI-1287/SI-
1260, Solartron) using symmetric coin cells of stainless steel (SS, ¢ =
16 mm)/PVP-GPE (Separator)/SS. The bulk resistance of the ionic
conductivity was assessed by electrical impedance spectroscopy (EIS, SI-
1260, Solartron). All the EIS measurements were performed using an
alternative current signal with a potential amplitude of 10 mV and fre-
quencies from 100 kHz to 0.1 Hz at 25 °C. The ionic conductivity was
calculated as follows:

t

(R xA) )

o=

where t is the thickness of the PVP-GPE, R is the measured bulk resis-
tance, and A is the contact area between the PVP-GPE and stainless steel.
Linear sweep voltammetry (LSV) was carried out to confirm the elec-
trochemical stability of the PVP-GPE at 25 °C by using an electro-
chemical analyzer (VersaSTAT4, AMETEK Inc.). The LSV curve was
obtained using SS/PVP-GPE with nonwoven fabric/Li coin cells. The
LSV was performed in a voltage range of 0 V-6 V at a scanning rate of 5
mV/s.

PVP-GPE-based LIBs were assembled in LiCoOs/nonwoven fabric
(separator)/graphite coin-type cells. After layering the negative elec-
trode, separator, and positive electrode, the precursor solution was
injected, and the cells were assembled. The assembled coin-type cells
were EB-irradiated to induce gelation of the precursor solution. The
surface morphology of the nonwoven fabric and free standing PVP GPE-
2 was evaluated using a field emission scanning electron microscope
(FE-SEM, JEOL, JSM-7500 F). Cycle performance testing of the PVP-
GPE-based LIBs was conducted by using a charge/discharge test de-
vice (TOSCAT-3000, Toyo System). The cycle performance of each cell
was evaluated under a rate of 0.1C from 3.0 V to 4.2 V at 25 °C.

3. Results and discussion

The one-pot preparation of poly (vinylpyrrolidone)-based GPE (PVP-
GPE)-based LIBs by EB irradiation was sequentially performed as shown
in Fig. 1. A VP monomer (possessing a good ion-transporting pyrroli-
done group), PEGDA crosslinker (possessing di-acryl groups for gelation
and a good ion-transporting ethylene glycol group), and LiClO4 LE were
selected as components for the precursor solutions (Arya and Sharma,
2017; Liu et al.,, 2020). The radiation-induced reactive precursor
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Fig. 1. Schematic diagram of fabrication of PVP-GPE-based LIBs by EB
irradiation.
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solution was prepared simply by mixing those selected components. To
produce the PVP-GPE-based LIBs without any initiators or heat, the
assembled coin-type cell containing the precursor solution was sub-
jected to EB irradiation at room temperature. During the EB irradiation,
the copolymerization of VP and PEGDA was initiated by radicals pro-
duced by radiolysis of the electrolyte, resulting in a solid-like crosslinked
polymer network gel (Wang et al., 2017c). Unlike the conventional
gelation techniques, this fast, room temperature, and initiator-free
technique allows mass production while achieving the GPE
characteristics.

3.1. EB-induced formation of the PVP-GPEs

To investigate the formation of PVP-GPE from its precursor solution
by EB irradiation, the gel fraction and swelling degree of the PVP-GPEs
prepared at various absorbed doses were measured, and the results are
shown in Fig. 2. As seen in the figure, the PVP-GPE exhibited a gel
fraction of 97% even at an absorbed dose of 1 kGy (corresponding to
irradiation duration of 3 s) and 100% above the dose of 2 kGy, as re-
ported in the literature (Wang et al., 2017¢). To verify the crosslinking
density of the as-prepared PVP-GPEs, the swelling degree of PVP-GPEs
was measured and the results are shown in Fig. 2. As provided in
Fig. 2, it can be seen that the swelling degree of the prepared GPEs was
dependent on the absorbed dose. The swelling degree of PVP-GPE
decreased from 190% to 92% with an increasing absorbed dose from 2
to 8 kGy (note that the PVP-GPE prepared at the absorbed dose of 1 kGy
was not measured due to poor dimensional stability in a dry state). These
results are attributed to the fact that the crosslinking density of PVP-GPE
increased with an increase of absorbed dose, leading to a decrease in the
swelling degree. Furthermore, as shown in the inset, the syringe con-
taining the precursor solution showed typical liquid flow while the sy-
ringe irradiated at an absorbed dose of 1 kGy showed a gel-like flow.
Therefore, these results indicate that the liquid precursor solution can be
effectively converted to non-fluidic PVP-GPE by EB irradiation even at
the absorbed dose of 1 kGy, and relatively good dimensional stability
was obtained at absorbed doses above 2 kGy due to the formation of
higher crosslinking density in the PVP-GPE ensuring mechanical
robustness (Ryou et al., 2012).

To elucidate the formation of the PVP-GPEs from the precursor so-
lution by EB irradiation, a chemical-structure analysis was performed
using FT-IR. As shown in Fig. 3, the spectra of the VP monomer, PEGDA
crosslinker, and LE (1 M LiClO4 in EC/DEC) exhibited characteristic
peaks at 1802 and 1773 em~! (C=0 in EC electrolyte), 1746 cm !
(C=0 in DEC electrolyte) (Seo et al., 2015), 1695 em™! (C=0 in VP)
(Maheswari et al., 2014), 1633 c¢m ! (C=C in PEGDA) (Duan et al.,
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Fig. 2. Gel fraction and swelling degree of PVP-GPE as a function of the
absorbed dose (the inset shows photographs of the PVP-GPE precursor solution
before and after EB irradiation at an absorbed dose of 1 kGy).
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Fig. 3. FT-IR spectra of the VP monomer, PEGDA cross-linker, LE, and PVP-
GPE-2.

2018), 1625 cm™! (C=C in VP) (Maheswari et al., 2014), 1097 cm !
(C-O in PEGDA) (Florkiewicz et al., 2021), and 1063 cm ! (ClOg in
LiClOy4) (Chitra et al., 2020). On the other hand, a distinct peak in the
PVP-GPE spectrum (corresponding to C=O in the PVP spectrum)
appeared at 1650 cm ™! along with the characteristic peaks of PEGDA
crosslinkers and LiClO4 in EC/DEC electrolytes. This distinct peak was
likely due to the lower wavenumber shift of C=0 in the VP spectrum by
polymerization (Liu et al., 2013). This reveals that polymerization of VP
and PEGDA occurred in the presence of LiClO4 LE during the EB irra-
diation, although the disappearance of the double bond was difficult to
prove.

To investigate the thermal stability (considered a key issue to secure
LIB safety), the thermal decomposition behavior of LE and PVP-GPE-2
(prepared at the absorbed dose of 2 kGy) was analyzed by TGA. As
shown in Fig. 4, LE exhibited two major weight losses in the temperature
range of 30-180 °C (attributed to vaporization of EC/DEC solvent) and
450-500 °C (corresponding to decomposition of LiClO4 as shown in its
TGA curve), respectively (Wang et al., 2017c). On the other hand, the
main weight loss of PVP-GPE-2 began at 100 °C, which is a higher
temperature in comparison to that of LE. This result indicates that
PVP-GPE has improved thermal stability in comparison with
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© 40- 5
20 | i
Y
100 200 300 400 500 600

Temperature (°C)

Fig. 4. TGA curves of LE, LiClO4, and PVP-GPE-2.
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conventional LE, stemming from the formation of the thermal-resistant
crosslinked PVP structure (Choi et al., 2014b). To further examine the
safety-related flammability of PVP-GPEs, an ignition test was performed,
and a photograph of the flammable behavior is shown in Fig. 5. As seen
in Fig. 5(a), upon exposure to the flame, the LE-based nonwoven sepa-
rator was immediately burned, and the flame was very large due to the
high flammability of the combustible EC/DEC solvents. However, both
PVP-GPE-2 and -4 combusted after relatively longer exposure time.
These results demonstrate the better flame-retardant property of
PVP-GPE in comparison to that of the conventional LE.

To evaluate the mechanical robustness of PVP-GPEs, a compression
test was performed. As shown in Fig. 6, the compressive strength of the
PVP-GPEs increased from 2.4 kPa to 4.6 kPa with an increasing absorbed
dose, whereas their deformation decreased from 74% to 64%. This re-
veals that the PVP-GPE prepared even at an absorbed dose of 2 kGy has
sufficient mechanical robustness to retain its cylindrical shape under
compression, as shown in the inset in Fig. 6, and the degree of robustness
depended on the absorbed dose. This can be ascribed to the fact that a
higher absorbed dose results in denser crosslinked structures, leading to
improved mechanical robustness of PVP-GPEs (Xu et al., 2018). Overall,
EB irradiation at an absorbed dose of above 2 kGy (corresponding to
irradiation time of only 6 s) enabled the formation of self-standing and
thermally-stable PVP-GPEs (from the precursor solution containing 92
wt% LEs). Moreover, the characteristics of PVP-GPEs can be simply
adjusted by the absorbed dose (Park et al., 2023).

3.2. Electrochemical characterization of PVP-GPEs

To investigate whether ion conductivity critically influences the LIB
performance, the bulk resistances of PVP-GPEs and the corresponding
ion conductivity were measured using an EIS, and the results are shown
in Fig. 7 and Table 1. As seen in the impedance spectra (Fig. 7), the bulk
resistance of PVP-GPEs exhibited a tendency to increase with an
increasing absorbed dose. As summarized in Table 1 listing the ion
conductivity calculated from the bulk resistance, the ion conductivity of
PVP-GPE-2 is 2.03 x 1072 S/cm, which is comparable to that of a LE
(2.78 x 1073 S/cm) reported in the literature (Saikia and Kumar, 2004).
However, PVP-GPE-4 and -8 showed lower ion conductivity of 1.74 x
1073 S/cm and 8.03 x 10™* S/cm, respectively. These results indicate
that, even though it was almost completely crosslinked, PVP-GPE-2 at
the lower absorbed dose of 2 kGy facilitates ion transport as much as LE,
but the formation of much denser crosslinked networks in PVP-GPE at

After
ignition

Fig. 5. Photographs for the flammable behavior of (a) LE-, (b) PVP-GPE-2-, and
(c) PVP-GPE-4-based nonwoven separator.
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Fig. 6. Compressive strength and deformation of PVP-GPE-2, -4, and -8 (the
inset image shows the compressive strength measurement of PVP-GPE-2).
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Table 1
Ionic conductivity of LE, PVP-GPE-2, -4, and -8.

Electrolyte Tonic conductivity (S/cm)
LE 2.78 x 1072
PVP-GPE-2 2.03 x 1072
PVP-GPE-4 1.74 x 1072
PVP-GPE-8 8.03 x 107*

the higher absorbed dose deteriorates the ion transport, leading to a
reduction in the ion conductivity (Liu et al., 2017).

To examine the electrochemical stability window of PVP-GPE as an
indicator for the possibility of practical use, a linear sweep voltammetry
analysis was performed, and the results are presented in Fig. 8. As seen,
PVP-GPE-2, -4, and, -8 all showed no change in current density within a
voltage range from 2.0 to 4.7 V, similar to the electrochemical stability
window of LE. This may be ascribed to the high portion of LE in the PVP
GPEs (Li et al., 2017). These results indicate that all the PVP-GPE sam-
ples could be as electrochemically stable as LE at the given voltage
(fulfilling the required operating voltage range of a commercial LIB).
Therefore, it is ascertained from these overall analytic results that the
crosslinked networked PVP-GPE (with better thermal stability and
comparable ionic conductivity in comparison to the conventional LE)
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Fig. 8. Linear sweep voltammogram of LE, PVP-GPE-2, -4, and -8.

was quickly prepared by EB-induced copolymerization of VP and PD in
the presence of LiClO4 electrolyte without a photo initiator or high
temperature. Taking into consideration the ion conductivity and elec-
trochemical stable voltage window, EB irradiation was performed at
absorbed doses of 2 and 4 kGy to further investigate the practical
coin-type cell performance.

3.3. In-situ formation and electrochemical performance of PVP-GPE in
coin-type LIB cells

To confirm the in-situ formation of PVP-GPE through direct EB
irradiation of coin-type cells, a PVP-GPE-2-based nonwoven separator
(prepared in an assembled coin-type state without electrode at the
absorbed dose of 2 kGy) and a LE-based separator were observed by FE-
SEM. As shown in Fig. 9(a), the LE-based separator exhibited a typical
nonwoven porous structural morphology. On the other hand, as seen in
Fig. 9(b), the PVP-GPE-2-based separator showed a filled nonwoven
structural morphology. This result implies that the precursor solution
inside the nonwoven separator of the assembled coin-type cell can be
successfully transformed into a solid-like PVP-GPE by EB irradiation
even in an assembled coin cell, as reported with regard to in-situ y-ray-
induced formation of GPE (Wang et al., 2017c).

To practically demonstrate the feasibility of in-situ PVP-GPE-based
LIBs, coin-type graphite/LiCoO5 cells were fabricated with LE-, PVP-
GPE-2-, and -4-based nonwoven separators, and the results are shown
in Fig. 10. As seen in the charge-discharge profiles (Fig. 10(a)), the PVP-
GPE-2-based cell exhibited initial discharge capacity of 133 mAh/g,
which is comparable to that with a LE (135 mAh/g). However, the PVP-
GPE-4-based cells showed a much lower initial discharge capacity. This
improved discharge capacity of PVP-GPE-2 is ascribed to the higher ion
conductivity in comparison to that of PVP-GPE-4. Furthermore, as
shown in the lifetime cycling performance (Fig. 10(b)), the PVP-GPE-2-
based cell delivered a discharge capacity of 92 mAh/g after 50 cycles,
corresponding to a capacity retention of about 69% with an overall
Coulombic efficiency of 98%. This performance was close to that of a LE-
based cell (98 mAh/g) corresponding to a capacity retention of 72%
with an overall Coulombic efficiency of 98%. However, the capacity
retention of the PVP-GPE-4-based cells was much lower than that with
PVP-GPE-2 due to the relatively lower ionic conductivity at the higher
absorbed dose. This indicates that chemically-crosslinked PVP-GPE-
based LIBs (comparable to that with a LE) can be achieved by ambient
and quick fabrication of in-situ EB-induced gelation. In addition, we
believe that this in-situ EB-induced gelation strategy in combination
with various precursor formulations and functionalization of the
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Fig. 9. FE-SEM images of (a) LE- and (b) PVP-GPE-2-based nonwoven separators independently prepared in an assembled coin-type state without electrodes.
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Fig. 10. Electrochemical performance of LiCoO,/graphite coin-type cells with
liquid electrolyte-, PVP-GPE-2, and -4-based separators: (a) first charge-
discharge curves and (b) cycle performance curves (the inset shows the 50
discharge capacity retention calculated from the 1% and 50%
discharge capacities).

separator to control the ion conductivity can further produce reasonable
performance and safe solid-like GPE-based LIBs.

4. Conclusion

PVP-GPE-based LIBs were successfully fabricated by direct EB irra-
diation gelation of a precursor inside coin-type LIB cells. The analytical
results in terms of radiation-induced gel behavior, thermal stability, and
electrochemical properties revealed that PVP-GPE was created by EB
irradiation at an absorbed dose of 2 kGy (corresponding to irradiation
duration of 6 s). The resulting PVP-GPE exhibited a gel fraction of 100%,

thermal stability, a good electrochemically stable voltage window
(2.0-4.7 V), and good ionic conductivity (2.03 x 1073 S/cm). As aresult,
the coin-type LIB cell fabricated with PVP-GPE-2 exhibited an initial
discharge capacity of 133 mAh/g, and its capacity retention at a cycle
number of 50 was 69%, which is comparable to that with a LE (135
mAh/g and 72%). These findings clearly demonstrate that this simple,
quick, heat-free, and scalable EB-based strategy is a feasible approach
for the mass production of more stable and reasonable performance
GPE-based LIBs.
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