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Abstract: In this study, we explored the potential of illite sourced from Yeongdong-eup, South Korea,
as a filler in polymer electrolytes for all-solid-state Li-ion batteries. The illite was expanded (EI) by
acid treatment and UV curing was employed to synthesize the polymer electrolytes. The Li+ ionic
conductivity of the polymer electrolytes was measured at various EI contents, revealing the highest
conductivity of 1.08 x 1072 S cm ™! at 4 wt% of the EIL The electrochemical performance of NMC cells
assembled with the El-incorporated polymer electrolyte showed a good discharge capacity of over
158.6 mAh g~! with a coulombic efficiency of 99%. These findings demonstrate the significant potential
of EI as a sustainable and efficient filler material for enhancing the performance of polymer-based
all-solid-state Li batteries. This study highlighted the applicability of illite sourced from South Korea
and its potential contribution to the development of polymer-based all-solid-state batteries.

Keywords: illite; polymer electrolyte; solid-state batteries; lithium-ion batteries

1. Introduction

Lithium-ion batteries (LIBs) have been widely used in various fields, including small
electronic devices, wearable devices, energy storage systems, and large-scale applications,
such as electric vehicles (EVs) and energy storage systems (ESS), owing to their advantages,
such as no memory effect, high operating voltage, and stable cyclability [1-6]. Despite these
advantages, recent safety issues of LIBs, such as thermal runaway, have received significant
attention annually, prompting extensive research to address their safety concerns [7-11].

To solve the safety issues of LIBs, numerous studies have focused on the development
of flame-retardant materials and the synthesis and application of nonflammable solid-
state electrolytes [12-15], and aqueous electrolytes [16-19]. Among these solutions, one
promising approach is the development of solid-state electrolytes [20-22].

Solid electrolytes are a research area of significant interest because they allow the con-
struction of more cells within the same volume and offer higher stability than conventional
flammable organic liquid electrolytes. Therefore, active research has focused on developing
solid-state electrolytes to replace organic electrolytes in LIBs [23-25].

Solid-state electrolytes can be categorized into three classes: oxide-based [26-28],
sulfide-based [29-31], and polymer-based [32-37]. Among these, polymer-based solid-state
electrolytes stand out because of their good flexibility, high Li-ion conductivity, and rela-
tively simple manufacturing process compared with oxide- and sulfide-based electrolytes.
However, polymer-based solid-state electrolytes (PBSSEs) present significant challenges
because of their poor mechanical properties. To address this issue, various fillers, such as
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carbon black, non-carbon materials, and clay minerals, have been explored to enhance their
mechanical strength.

Illite, a clay mineral, is widely used as a filler in polymer materials because of its
advantages, such as its low cost, abundance in nature, and non-toxicity [38—42]. These
properties render illite a promising candidate for improving the mechanical properties of
polymer-based solid-state electrolytes. Thus, illite has emerged as an attractive filler.

To the best of our knowledge, we are the first to report the synthesis of a PBSSE using
an expanded illite (EI) filler, which was sourced and produced in Yeongdong-eup, Republic
of Korea, for all-solid-state Li-ion batteries (ASSLIBs). Furthermore, we have revealed
the electrochemical advantages of El as a clay-type filler for PBSSEs. To effectively utilize
the illite, we increased the interlayer distance of pure illite to obtain EI. We found that
the PBSSE synthesized with 4 wt% of the EI had the highest Li* ionic conductivity of
2.9 x 1073 S em™~!. This is because the EI filler reduced the crystallinity of the polymer
matrix and accelerated the Li* ion mobility. The ASSLIB assembled with an NCM cathode
and a Li-metal anode showed a favorable discharge capacity of 153 mAh g~! with a
coulombic efficiency of 99%.

2. Materials and Methods
2.1. Preparation of the EI

Pure illite (Yongkoong Illite Co., Ltd., Yongkoong, Republic of Korea) was used to
prepare the EI Pure illite was ball milled with zirconia balls for 12 h to remove impurities.
After ball milling, the pure illite solution was dried at 80 °C for 12 h. Thereafter, the dried
illite was calcinated at 600 °C for 1 h. The heated illite was mixed with 2M HNOj3 (Sigma
Aldrich, Saint Louis, MO, USA) at 95 °C for 3 h and washed with deionized water until
its pH was 7. The acid-treated illite was magnetically stirred with dimethyl sulfoxide
(DMSO, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) and deionized water for 1 h.
Subsequently, the mixture was placed in a microwave for 1 h for the interaction of the
DMSO with the interlayer of the illite. Thereafter, the sample was sonicated at 70 °C for 1 h
and centrifuged at 4000 rpm.

2.2. Synthesis of the PBSSE

The PBSSE was synthesized using a monomer mixture and an electrolyte mixture.
To prepare the monomer mixture, 95 wt% of ethoxylated trimethylolpropane triacrylate
(Sigma-Aldrich, USA) as a monomer and 5 wt% of 2-Hydroxy-2-methylpropiophenone
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) as a photoinitiator were mixed by a
magnetic stirrer for 30 min. Then, 1M lithium bis(trifluoromethylsulfonyl)imide (Sigma-
Aldrich, USA) in trimethylolpropane ethoxylate triacrylate (Sigma-Aldrich, USA) as an
ionic liquid were mixed as an electrolyte mixture. Afterward, 50 wt% of the monomer
mixture and 50 wt% of the electrolyte mixture were mixed for 5 hrs. To synthesize the
PBSSE, the above mixture was mixed with the EI (0~8 wt%) and then casted onto a glass
plate and exposed to UV irradiation (365 nm) for 55 sec.

2.3. Materials and Electrochemical Characterization

The morphologies of the pure illite, EI, and PBSSE were examined using field-emission
scanning electron microscopy (FE-SEM; MIRA 3, Tescan, Kohoutovice, Czech Republic).
The particle distributions of the samples were investigated using a particle size analyzer
(PSA, LA-960, Horiba, Kyoto, Japan). The crystallinity of all samples was measured
using X-ray diffraction (XRD, SDT-Q 600, TA instruments, New Castle, DE, USA). Fourier
transform infrared spectroscopy (FT-IR, Frontier, PerkinElmer, Singapore) was performed
using the PBSSE, depending on the presence or absence of the EI. Thermogravimetric
analysis (TGA, SDT-Q 600, TA instruments, USA) was conducted at temperatures up to
500 °C. The ionic conductivity of the PBSSE was analyzed by electrochemical impedance
spectroscopy (EIS, ZIVE SP2, Wonatech, Seoul, Republic of Korea) in the frequency range
of 1-2 MHz with an amplitude of 100 mV, and was calculated using Equation (1).
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o=1/(R x A) 1

Here, o represents an ionic conductivity (S cm™1), I represents the thickness of the
PBSSE (cm), R represents the resistance measured by EIS (ohm), and A represents the area
of the PBSSE (cm~2). The electrochemical properties of the ASSLIB assembled with the
NCM cathode, PBSSE, and Li-metal anode were tested with a voltage range from 3.0 to
42V ata0.2 C-rate.

3. Results and Discussion

Figure 1 shows the synthesis of the PBSSE and a photograph of the PBSSE after UV
curing. As shown in Figure 1, the PBSSE is flexible and yellow. It is expected that the PBSSE
synthesized using an EI filler will have improved mechanical properties. In addition, we
found that the EI was well dispersed in the PBSSE, giving it a uniform yellow color. The EI
is obtained through a complex process involving heat, acid, and microwave treatments. To
confirm the process that affected the expansion of pure illite, changes in the morphology
of the illite depending on each process were measured using FE-SEM analysis, as shown
in Figure 2.
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Figure 1. Synthesis process of the polymer-based solid-state electrolytes by photopolymerization
using expanded illite.

Figure 2. Field emission scanning electron microscope images of the (a) pure illite, (b) heat-treated
illite, (c) heat- and acid-treated illite, and (d) heat-, acid-, and microwave-treated illite.



Coatings 2024, 14, 1158

40f 10

(a)

q (%)

(b)

q (%)

Figure 2a—c shows the morphologies of the pure illite, heat-treated illite, and heat- and
acid-treated illite. As shown in this figure, we did not find a layered structure in the illite.
In contrast, in Figure 2d, the heat-, acid-, and microwave-treated illite shows an expanded
layer structure throughout the illite. This is because DMSO was intercalated into the illite
interlayer, and the microwave treatment affected the DMSO, resulting in the expansion of
the illite structure [43]. We believed that the expansion of the illite induced by the DMSO
and the complex procedures performed above would affect the size of the entire particle.
To verify this assumption, PSA was conducted. Figure 3 shows the PSA results for the pure
illite and EL The pure illite has a mean particle size of 5.28 pm, while the EI has a larger
mean size of 8.26 um. Table S1 shows detailed information on the PSA analysis. These
results reveal that the expansion of illite not only expands the interlayer in the illite but also
enlarges the illite particle size. To compare the crystallinity of the pure illite and EI, an XRD
study was conducted with Cu K« radiation at 40 kV and 15 mA. Figure 3c shows the XRD
patterns of both samples. The peak located at approximately 9° is assigned to the basal
d(001) diffraction peak of illite. In the XRD pattern of pure illite, we confirmed that the
pure illite has a basal d(001) diffraction peak at d = 9.995 A. However, the EI shows a new
d(001) diffraction peak at d = 10.040°. Complex processes, including heating, acidification,
and microwave treatment using DMSO, can increase the interlayer distance [44]. Thus, we
believe that the illite expansion process was successfully conducted.
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Figure 3. Particle size analysis results of the (a) pure illite and (b) expanded illite. (c) X-ray diffraction
patterns of the purified illite and expanded illite obtained by heat, acid, and microwave treatment
using dimethyl sulfoxide.

We fabricated the PBSSE with and without the EI by photopolymerization. As shown
in Figure S1, the colors of the PBSSE are different. The PBSSE prepared without the EI was
white, whereas the PBSSE with the EI was yellow. Figure 4 shows the morphology of the
PBSSE depending on the presence or absence of the EI Figure 4a,b shows side views of the
PBSSE with and without the EI. As shown in these images, we confirmed that the PBSSE
without the EI had smoother characteristics. In contrast, the PBSSE fabricated with the
EI appeared to have a rougher surface. In the top views of both samples in Figure 4c,d,
the PBSSE with the EI has a rough surface. From these results, we revealed that the illite
filler affects the surface characteristics not only on the top surface but also on the sides.
The rough surface of the PBSSE using the EI can lead to a larger contact area between the
cathode and anode, resulting in the enhancement of the electrochemical reaction.
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Figure 4. Field emission scanning electron microscope images of the polymer-based solid-state
electrolytes. (a) Side image of the polymer-based solid-state electrolytes without expanded illite, and
(b) with expanded illite. Top-view of the polymer-based solid-state electrolytes (c) without expanded
illite, and (d) with expanded illite.

To investigate the dependence of the crystallinity of the PBSSE on the use of the EI
filler, XRD analysis was conducted on both samples. Figure 5 shows the XRD patterns of
the PBSSE with and without the EI filler. There are three peaks located at 8.9°,17.7°, and
26.7°, corresponding to the crystalline plane of (001), (004), and (006) of the EI, respectively.
As shown in the XRD patterns, the PBSSE and PBSSE with the EI had similar peaks located
at 31°, which were attributed to the polymer matrix. A new peak located at 27°, which
is a feature of the EI, is observed, as shown in the XRD pattern of the EI (blue line) in
Figure 5. Additionally, all peaks of the PBSSE with the EI were shifted from those of the
original PBSSE because the polymer matrix might influence the crystallinity of the PBSSE
with the EI. From the XRD results, we confirmed that the use of the EI filler decreased the
crystallinity of the PBSSE.
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Figure 5. X-ray diffraction patterns of the expanded illite powder, polymer-based solid-state elec-
trolytes synthesized without any filler, and polymer-based solid-state electrolytes fabricated with the
expanded illite filler.
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We investigated the impact of the EI filler on the PBSSE through morphological and
crystallographic analyses. Based on these results, we believe that the EI filler can affect the
morphology and crystallinity of the PBSSE. However, the use of the EI filler does not ad-
versely affect the stability of the polymer structure. To consider this aspect, we performed
FT-IR analysis of the PBSSE and PBSSE with the EL Figure 6 shows the FT-IR spectra of the
photopolymerized PBSSE without and with the EI in the range of 1500~3200 cm ™. The peak
located around 1653 cm ™! is assigned to the acrylic C=C bond. The ester carbonyl -CO- bond
was observed at 1735 cm ™! in both samples. In addition, we checked the stretching vibrations
of the methyl (-CHj3) and methylene (-CHy) groups [45]. Through FI-IR investigations, we con-
firmed that the EI filler did not affect the chemical bonding of the polymer matrix, indicating
that the polymer matrix of the PBSSE without or with the EI filler is similar.

PBSSE
PBSSE+EI
E
N 1
2 i
(3] 1 1
c : , !
o 1 1 :
Ko] ! 1l
= 1 1
‘ | c=C
-CH,- and -CH, ¥
-CO-
3200 2800 2400 2000 1600

Wavenumber (cm™?)

Figure 6. Fourier transform infrared spectra of the polymer-based solid-state electrolytes without
and with the expanded illite filler synthesized by photopolymerization.

To determine the optimal PBSSE conditions for Li* ionic conductivity, we tested the
ionic conductivity of the PBSSE with varying amounts of the EI, ranging from 0 to 8 wt%.
The ionic conductivity was measured by electrochemical impedance spectroscopy using a
symmetric cell assembled with two stainless-steel electrodes. At room temperature, the
PBSSE fabricated without the EI filler has an ionic conductivity of 2.05 x 1073 S em~1.
Generally, in solid-state electrolytes, those with ionic conductivity over 1074 S cm~! have
a favorable value of ionic conductivity because liquid—phase electrolytes have an ionic
conductivity of around >1073 S cm~!. As the amount of the EI filler increased up to
4 wt%, the ionic conductivity also increased to 3.02 x 10—3 S cm~!. However, the ionic
conductivity decreased when more than 6 wt% of the EI filler was added. This is because
a large amount of the EI filler significantly increases the viscosity of the solution used
to fabricate the PBSSE, which negatively affects its formability. We compared the ionic
conductivity of the PBSSE without and with 4 wt% of the EI filler at different temperatures
from 40 to 50 °C. As shown in Figure 7b, the PBSSE synthesized by photopolymerization
without the EI filler has ionic conductivities of 9.61, 7.72, 5.90, 4.71, and 3.40 x 1073 S cm 1
at 50, 46, 44, 42, and 40 °C, respectively. The PBSSE prepared with the EI filler shows
improved ionic conductivities of 1.08 x 1072, 9.44,7.85, 6.49, and 4.01 x 1073 Scm ™! at
the same temperatures. This improvement occurred because the EI filler decreased the
crystallinity of the polymer matrix, resulting in an enhanced ionic conductivity. Table 1
presents detailed information on the ionic conductivities of both samples.
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Figure 7. (a) Ionic conductivity of the polymer-based solid-state electrolytes depending on the

amounts of expanded illite filler from 0 to 8 wt% and (b) comparison of the ionic conductivity

of the polymer-based solid-state electrolytes without or with the expanded illite filler at different

temperatures.

Table 1. Ionic conductivity (S cm ).

Ionic Conductivity (S cm—1)

PBSSE without EI PBSSE with 4 wt% of EI
2.60 9.61 x 1073 1.08 x 1072
2.79 7.72 x 1073 944 x 1073
291 590 x 1073 7.85 x 1073
3.04 471 x 1073 6.49 x 1073
3.19 3.40 x 1073 401 x 1073

Figure S2 shows the TGA graphs of the EI filler, the PBSSE without the EI filler, and
the PBSSE prepared with 4 wt% of the EI filler. At 500 °C, the EI filler retained 97.38% of
its weight. We assume that the moisture evaporated around 100 °C, indicating that the
EI filler contains a small amount of moisture, at approximately 2-3 wt%. The PBSSE and
PBSSE with the EI filler had weights of 7.28% and 9.71%, respectively. Although we added
4 wt% of the El filler to the PBSSE, the weight difference between the two samples was
only 2.43 wt%. As aforementioned, the EI filler contained 2-3 wt% moisture. Therefore, the
weight difference between the PBSSE without the EI filler and the PBSSE with 4 wt% of the
El filler was less than 4 wt%. Figure S3 illustrates the cell configuration of the ASSLIB. To
improve the interface between the cathode and PBSSE, we coated the NMC622 cathode
directly, followed by photopolymerization using a UV lamp. In addition, a small amount of
liquid electrolyte was added between the PBSSE and Li-metal anode to reduce the interface
resistance between the PBSSE and Li anode. The cyclic voltammogram of the ASSLIB
assembled with 4% of the EI was tested at different scan rates from 0.1 to 0.5 mV s~!
(Figure S4). There were two intercalated and de-intercalated peaks observed at approx-
imately 3.4 and 3.9 V. The reason for observing two broad peaks instead of the typical
four sharp peaks of the NMC cathode is due to the high interfacial resistance. This re-
sult indicates the need to improve the interfacial resistance between the electrode and
the PBSSE.

Figure 8a shows the Nyquist plot of the ASSLIB before and after charge/discharge
cycling. Before charging, the ASSLIB has a charge transfer resistance (Rct) of 483 (2. We
checked that the Rct value decreased from 483 to 376 () after charge/discharge cycling,
implying that the electrochemical performance could be improved by the activation process.
The galvanostatic charge and discharge test was conducted at a 0.2 C-rate with a voltage
range from 3.0 to 4.2 V. Figure 8b shows the charge and discharge curves of the ASSLIB
assembled using the NMCC622 cathode, PBSSE (4 wt% of the EI), and Li-metal anode. We
confirmed the typical charge and discharge behaviors of the NMC-based cathode. The
discharge capacity of the ASSLIB is 151.2, 154.6, 152.7, 150.7, 148.3, and 158.6 mAh g_l in
the 1st, 5th, 10th, 20th, 30th, and 40th cycle, respectively. This value is similar to that of
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typical NMC622 Li-ion batteries assembled using liquid electrolytes. We checked the noise
in the charge and discharge curves in the 1st cycle. We assumed that the noise observed
in the charge/discharge curve during the 1st cycle was due to the unstable movement of
lithium ions within the PBSSE. Because no noise was observed in the subsequent curves, we
inferred that normal charge/discharge behavior occurred after the initial activation process.
This indicates that an initial activation process is essential for the stable electrochemical
behavior of the ASSLIB -comprised PBSSE prepared using an EI filler. Figure 8c shows the
cyclability of the ASSLIB assembled with the NMC622 cathode, PBSSE with 4 wt% of the
El filler, and Li-metal anode for 40 cycles at a 0.2 C-rate. The initial discharge capacity was
150.0 mAh g~!. The discharge capacity decreased slightly around the 25th cycle, then it
increased to 158.6 mAh g~ in the 40th cycle. Although unstable electrochemical behavior
was observed in the ASSLIBs assembled with the PBSSE (4 wt% of the EI), it was confirmed
that the ASSLIB maintained a favorable discharge capacity of over 150 mAh g~! during
40 charge/discharge cycles. Figure S5 shows the charge/discharge curves and cyclability
of the ASSLIBs with 0% and 8% of the EI. We confirmed that the ASSLIBs assembled with
4% of the El have the most stable cyclability. This result means that the appropriate amounts
of EI affect the electrochemical performances. These results demonstrate the effectiveness
of the PBSSE and the EI filler sourced from Yeongdong-eup in the Republic of Korea as
solid electrolytes for ASSLIBs.
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Figure 8. Electrochemical performance of the all-solid-state Li-ion batteries assembled with a
LiNip.sMny.,Cog.,O; cathode, polymer-based solid-state electrolytes (4 wt% of the expanded il-
lite), and a Li-metal anode: (a) Nyquist plot of the all-solid-state Li-ion batteries before and after
cycling, (b) charge and discharge curves at a 0.2 C-rate with a voltage range from 3.0 to 4.2 V, and
(c) cyclability of the all-solid-state Li-ion batteries at a 0.2 C-rate for 40 cycles.

4. Conclusions

To the best of our knowledge, this study is the first to use illite mined from Yeongdong-
eup, Republic of Korea, as a filler for polymer-based solid electrolytes. We obtained the
expanded illite through complex pretreatment processes to utilize the illite more effectively.
The PBSSE with 4 wt% of the expanded illite exhibited the highest ionic conductivity of
1.08 x 1072 S cm™!. In the ASSLIBs assembled with an NMC622 cathode and a Li-metal
anode, we observed an initial discharge capacity of 151.2 mAh g~!, indicating a favorable
electrochemical performance. We also discovered that the initial activation process can
lead to improved electrochemical reactions in the ASSLIBs. Charge/discharge testing at a
0.2 C-rate demonstrated that the ASSLIB delivered a high discharge capacity of 158.6 mAh
g~ L. This study confirms the effectiveness of illite sourced from Yeongdong-eup, Republic
of Korea, and highlights its potential for use in next-generation all-solid-state batteries,
which are gaining significant attention in the field of lithium batteries. Furthermore, this
research provides a new pathway for enhancing the performance of polymer-based solid
electrolytes by utilizing locally sourced, sustainable materials like illite.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings14091158 /51, Table S1: Particle size analysis data of the pure
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illite and expanded illite; Figure S1: Photo images of the (a) PBSSE without the illite (white color) and
(b) PBSSE with 4 wt% of the EI (yellow color); Figure S2: TGA curves of the EI (black line), PBSSE
without the EI (blue line), and PBSSE with 4 wt% of the EI (red line); Figure S3: Coin-cell configuration
for the ASSLIB. Figure S4. Cyclic voltammogram of the ASSLIBs tested at different scan rates from 0.1 to
0.5mV s!. Figure S5. Charge and discharge curves of the ASSLIBs assembled (a) without the EI and
(b) with 8% of the EI. Cyclability of the ASSLIBs (c) without the EI and (d) with 8% of the EI
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