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Abstract—The increasing demand for electric vehicles, portable electronic devices, and energy storage devices has
spurred interest in the development of high-capacity rechargeable lithium-ion batteries (LIBs). Polyionic liquids are
used in LIB binders or electrolytes owing to their favorable physical properties. Chemical cross-linking of polymer
binders has been proposed as an effective and simple method for increasing the volume of electrodes. The designed
polymer binder offers high ion conductivity and robustness via an appropriate adjustment of the solid electrolyte inter-
phase layer and chemical cross-linking during the electrochemical test. A cross-linked poly(N-allyl-vinyl imidazolium)
(C-PAVIm)-based electrode can improve the cycle properties by decreasing the overpotential and allowing Li" to flow at
the interface between the active material and electrolyte. The surface of a C-PAVIm-based electrode is monitored via
scanning electron microscopy and X-ray photoelectron spectroscopy. Electrochemical impedance spectroscopy results
show that the C-PAVIm-based electrode after cycling exhibits a thinner solid electrolyte interphase layer and a lower dif-
fusion resistance as compared with a poly(vinylidene fluoride) (PVDEF)-based electrode. Therefore, the C-PAVIm-based
electrode exhibits better charge-discharge stability than the PVDF-based electrode. These findings imply that polymer
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binders with appropriately designed chemical structures can improve the electrochemical performance of LIB systems.
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INTRODUCTION

The increasing demand for electric vehicles, portable devices, and
grid-scale energy storage devices has spurred interest in the devel-
opment of high-capacity rechargeable lithium-ion batteries (LIBs)
[1,2]. However, the cost, performance, and energy density of LIBs
have not been improved adequately for the development of stable,
high-capacity electrode materials [3]. To satisfy the abovementioned
demands, researchers have extensively investigated materials for elec-
trodes, such as active materials, conductive agents, and polymer bind-
ers, in the past few decades. Active materials for improving the cycling
stability and capacity of LIBs have been prioritized, whereas poly-
mer binders are rarely investigated [4-8]. Polymer binders, as an
integral component of LIBs, are vital to cycling stability as they pro-
vide interconnectivity and adhesive ability among the electrodes of
LIBs [9]. In addition, the initial capacity loss and formation of a harm-
tul solid electrolyte interphase (SEI), which occurs due to the interac-
tion of the polymer binder at the interface between the electrode
and electrolyte, have not been investigated sufficiently [10-15]. Fur-
thermore, as new active materials for next-generation LIBs are being
extensively investigated, the appropriate chemical structure of the
polymer binder must be determined concurrently.
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Polymer binders should maintain stable adhesion characteristics
without side reactions, including in electrochemical environments;
in this regard, poly(vinylidene fluoride) (PVDF) is typically used as
a representative polymer binder [16-18]. PVDF is currently the stan-
dard for lithium battery technology and is used commercially in
LIBs owing to its favorable adhesion, chemical inertness, and pro-
cess availability [19,20]. However, the most significant disadvantage
of PVDF binders is their insulating property and considerable elec-
trolyte swelling [6,21]. Hence, a passivation layer known as an SEI
layer is typically formed on the surface of the electrodes to create a
barrier from the decomposition products of the electrolyte. How-
ever, the formation and growth of the SEI layer results in decreased
capacity; increased battery resistance, and reduced power density.
Hence, a new binder design is required [1,22].

Polyionic liquids (PILs), which have recently garnered attention for
their excellent electrochemical stability, ion conductivity, and pro-
cessability; are sustainable for electrochemical applications [23-27].
PILs are not only a promising class of functional polymers, but are
also highly stable for use as LIB materials [28]. PILs can suppress the
formation of an SEI and improve cycle properties by decreasing the
overpotential and allowing Li" to flow at the interface between the
active material and electrolyte [29,30].

Chemical cross-linking of polymer binders has been proposed
as an effective and simple method for the volume expansion of elec-
trodes [31]. Moreover, the cross-linked polymer binder can improve
the binding force of each component of the electrode and mini-
mize the effects of swelling during the charging and discharging of
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the electrode [32-34].

In summary, the design of the interface between the electrode
and electrolyte is crucial in improving the function and performance
of LIBs. Systematic designs of functional polymer binders that affect
the electrode interface will promote battery research. Herein, we
introduce an unconventional binder, i.e., a high-performance binder
that is cross-linkable and ion conductive during direct fabrication.
This polymer binder offers high ion conductivity and robustness
by the appropriate adjustment of the SEI layer and chemical cross-
linking. Furthermore, it is expected to prevent a further reduction
of the electrolytes. We demonstrate that the polymer binder results
in the excellent performance and high stability of LIBs, and explain
the mechanical process for supporting electrochemical reactions.
In summary, this paper focuses on the development of multifunc-
tional binders that can form a highly ion-conductive SEI and im-
prove the cycle life and performance of LIBs, thereby outperform-
ing currently used commercial binders.

EXPERIMENTAL

1. Materials

In this study, 1-vinyl imidazole (Vm) (Alfa Aesar), a,a-azobi-
sisobutyronitrile (AIBN) (JUNSEI), dimethylformamide (DMF)
(JUNSEI), acetone (Duksan, extra pure grade), allyl bromide (Sigma-
Aldrich), methanol (MeOH) (REAGENTS DUKSAN), diethyl-
ether (Duksan extra pure grade), lithium bis(trifluoromethanesul-
fonyl)imide (LiTFSI) (Duksan) were used without any further puri-
fication. AIBN was recrystallized from MeOH.

2. Synthesis of Poly(vinyl Imidazole) (PVIm)

Vm (monomer, 4 g), AIBN (initiator, 0.04 g), and DMF (15mL)
were mixed together in a flask. Subsequently; the flask was degassed
and filled with nitrogen, a process repeated several times. Next, the
mixture was reacted at 70 °C for 24 h via magnetic stirring. After
natural cooling, the mixture was precipitated using acetone (300
mL). The powdered product was filtered and dissolved in acetone
several times. The product was then dried overnight under dry
vacuum at 60 °C.

3. Quaternization of PVIm with Allyl Bromide

PVIm (2 g), allyl bromide (3.0789 g), and MeOH (65 mL) were
added to a round-bottom flask and allowed to react at 40°C for
48 h under magnetic stirring. After the reaction was terminated, the
mixed solution was precipitated with diethyl ether (1L). Finally,
the product was dried overnight in a vacuum oven at 40 °C, as
shown in Scheme 1.

4. Anion Exchange of Poly(N-allyl-vinyl Imidazolium)-TFSI"
(PAVIm-TESI)

An ion exchange reaction was performed to obtain PAVIm-Br~
and TFSI by solubilizing PAVIm-Br™ (1 g) in deionized water, fol-
lowed by the dropwise addition of an aqueous solution of LiTFSI
(2 g). The mixture was then stirred at room temperature for 10 h.
Next, the precipitated powder was washed with deionized water in
an aspirator and dried overnight in a vacuum oven at 40 °C.

5. Thermal Cross-linked Poly(N-allyl-vinyl Imidazolium)-TFSI"
(C-PAVIm-TESI)

The prepared PAVIm-TFSI films were placed in a vacuum oven

at 100°C for 1h (C-PAVIm 0), 150 °C for 1h (C-PAVIm 1) and

2h (C-PAVIm 2), and 160 °C for 1h (C-PAVIm 3) to cross-link
them thermally.
6. Characterization

The chemical structure of the films was analyzed via Fourier-
transform infrared spectrometry (FT-IR, Nicolet6700) and proton
nuclear magnetic resonance (‘H-NMR, JEOL-JNM-AL300) in
DMSO-d, at 300 MHz. The thermal property of C-PAVIm was
investigated using differential scanning calorimetry (DSC, TA Instru-
ments DSC25) under an N, atmosphere (at a temperature range of
25°C-180°C and a heating rate of 5°C min™') and via thermo-
gravimetric analysis (TGA, TA Instruments SDT650) under an N,
atmosphere (at a temperature range of 25 °C-1,000 °C and a heat-
ing rate of 10°C min™"). To confirm the degree of chemical cross-
linking, the gel content was determined using the solvent extraction
method and calculated using the following equation:

l\iz x 100% = gel content
M, 8 ’

where M, is the weight of C-PAVIm and M, is the weight of the
extracted solvent [35].

Morphological and chemical characterization of the electrode
was by scanning electron microscopy (SEM, Hitachi Regulus 8100)
and X-ray photoelectron spectroscopy (XPS, Thermo Scientific,
NEXSA) before and after the electrochemical cycle test.

7. Electrochemical Characterization

All electrodes, including the cross-linked binder (C-PAVIm) and
PVDF (1100, Kureha Chemical Industry; Japan, 10 wt%), were man-
ufactured based on the same composition ratio. The constituent
materials were a Si-graphite composite as the active material, C-
PAVIm and PVDF as the binder and Super-P (Timcal Inc.) as the
conductive material, in a mass ratio of 88:8:4. A binder solution
comprising C-PAVIm and PVDF was adopted, along with 4 wt%
of NMP solvent. The loading levels of all manufactured electrodes
were approximately 3 mg cm*. We utilized 1.15 M LiPF; in ethylene
carbonate (EC)/ethyl methyl carbonate/dimethyl carbonate (DEC)
(at a ratio of 3:5:2 (v/v)) and microporous polyethylene as the
electrolyte and separator, respectively. A 2032R coin cell assem-
bled in an argon-filled glove box was used for all electrochemical
tests. It was tested for charging/discharging at 0.05C (1C=550 mA
g ") for the formation cycle, 1.0C for the cydcle life test and 0.2C,
0.5C, 1.0C, 3.0C and 5.0C for rate capability tests in the voltage range
of 1.5to 0V at 26 A °C. Charging was performed at a constant cur-
rent mode. Electrochemical impedance spectroscopy (EIS, IVIUM)
was conducted to confirm the impedance at a frequency range of
0.003-300 kHz and an amplitude of 1.5V for the pristine samples
and samples that underwent 20 charging cycles at 26 °C.

RESULT AND DISCUSSION

Free radical polymerization, one of the most typical and favored
techniques used in chemistry, converts low-molecular-weight mono-
mers into polymers by the successive addition of free radicals in
the presence of an initiator. The quaternization of amines is an exten-
sively investigated reaction in the chemistry of ionic liquids. Quat-
ernization maximizes the distance between the substituents on an
annular N via an Sy2 mechanism. It is the most effective method
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Fig. 2. (a) "H-NMR spectra of PAVIm; (b) FT-IR spectra of PAVIm and C-PAVIm.

for functionalizing positions adjacent to a nitrogen atom to enhance
ion conductivity. In this study, we successtully synthesized PVIm
via the free radical polymerization of Vm using AIBN as the initi-
ator (Fig. S1). We quarternized PVIm with allyl bromide as the
functional group via an aromatic Sy2 reaction under mild condi-
tions. Consequently, PAVIm with both ionic conductivity and cross-
linkable groups was obtained. Br™ ions were exchanged with TESI
ions via an anion exchange reaction to be applied to LIBs, as shown
in Fig. 1.

In the 'H-NMR analysis, the signals at 1.6-2.2 ppm (H,) 2.8-3.2
ppm (H,) were ascribed to the backbone protons (CH, and CH-,
respectively). This suggests the successtul polymerization of the vinyl
group of 1-Vinylimidazole, as shown in Fig. S2(a). The proton res-
onance in the imidazole ring (H, H, and H,) shifted to 7.0-8.0
ppm, owing to the allyl(vinyl) group at 5-6.2 ppm (H,; H, and H,,),
as shown in Fig. 2(a). Thus, the well-defined peaks signify that the
synthesis and quaternization had proceeded [36-38].

The chemical structure of PAVIm and C-PAVIm was confirmed
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using FT-IR spectroscopy (Fig. 2(b)). The ordinary peaks at 3,100-
3,000cm™" and 2,950-2,800 cm™" are attributable to sp’ C-H and
sp” C-H, respectively. The peaks at 2,916 and 2,846 cm " are at-
tributed to the polyvinyl imidazole moieties [39]. The characteris-
tic peaks at 1,170 and 1,126 cm™" are attributed to the C-N asym-
metric stretching frequency of the imidazole ring, whereas the peaks
at 1,750-1,550 cm™" are attributed to the -C=N stretching of the
imidazole ring [40]. The emergence of the two peaks at 992 and
944 cm™ is due to the allylic moieties. In particular, the alkane of
the allyl group decreased at peaks of 730-720 cm™" (dotted gray
square) as the temperature increased for thermal cross-linking. In
addition, the peak at 1,335-1,250 cm ™" decreased due to the degra-
dation of aromatic amines in C-PAVIm 2 and C-PAVIm 3 [38,41,
42]. Thus, C-PAVIm 1 was considered the optimal condition.
Methods to improve the physical properties of polymers include
blending, composite utilization and cross-linking. Cross-linking be-
tween polymer chains is a simple yet effective method. The typi-
cal method of cross-linking between double bonds involves the
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Fig. 4. SEM images showing cross-section of electrode: PVDF (a) before and (b) after 20 cycles; C-PAVIm 1 (c) before and (d) after 20 cycles

at 1.0C.
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direct utilization of an initiator or the delivery of energy. However,
initiators are difficult to remove after cross-linking and additives
may introduce side reactions during battery testing [43]. Thus,
energy is transferred to conduct cross-linking via the most accessi-
ble heat treatment. To confirm the cross-linking degree, the gel
content of C-PAVIm was measured at different temperatures during
thermal treatment, as shown in Fig. 3(a). The gel content increased
with the thermal treatment temperature until 150 °C (C-PAVIm
1), above which it saturated. At conditions higher than C-PAVIm
1, the gel content decreased slightly owing to the collapse of the
polymeric chemical structure, as confirmed via FT-IR analysis.

The thermal property of the C-PAVIm prepared via thermal treat-
ment was analyzed using DSC and TGA; the results are shown in
Figs. 3(b) and (c). DSC analysis was performed to confirm the
thermal characteristics of the prepared C-PAVIm. The data show
that the glass transition temperature of the prepared samples in-
creased with the cross-linking temperature. The TGA results indi-
cate that the final weight of C-PAVIm 1 was the highest (Fig. 3(d)).
Therefore, these results confirm that the thermal properties of C-
PAVIm enhanced under controlled conditions.

Electrochemical tests were conducted using a selected condi-
tion, where C-PAVIm 1 was used as the anode binder of the LIBs.
The cross-sectional morphological status of the anode electrodes

was observed after 20 charge/discharge cycles via SEM and the results
are shown in Fig. 4 [44].

The PVDEF-based electrode exhibited clear swelling and a thick
SEI layer, as shown in Fig. 4(b). By contrast, the C-PAVIm-based
electrode exhibited less swelling and a thinner SEI layer, as shown
in Fig. 4(d). Thus, the SEM images confirmed that the C-PAVIm
binder participated in the formation of the SEI layer owing to the
degradation of the electrolyte and contributed positively to the
cycling performance.

To further understand the chemical composition of the formed
SEI, XPS analysis was performed on the silicon anode electrodes
before and after 20 cycles, and the results are shown in Figs. 5(a)
and (b). The peak at approximately 289 eV was assigned to Li,CO,
and RO-COO. L,CO; and RO-COO have been widely reported
as the main components of SEIs formed on silicon. Based on the
electrochemical reaction, the most likely principal component is
Li,COs, owing to the decomposition of the DMC electrolyte [45].
The relative intensities of the Li,CO; and RO-COO peaks in the
PVDEF-based electrodes after 20 cycles were much higher than
those of the C-PAVIm-based electrode. In addition, C=O and C-
OH bonds were formed at 287 and 286 eV, respectively [46-51].
Therefore, the stable cycling performance and SEI formation are
attributable to the C-PAVIm of the cross-linked network and ionic
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bility performance of Si-graphite composite anodes with C-PAVIm (red) and PVDF (black) as binders and 1.0 M LiPF/EC:DEC elec-
trolyte; (d) electrochemical impedance spectra (EIS) profiles at 26 °C for charging cycles of PVDF after formation, PVDF 20 cycles, C-

PAVIm after formation and C-PAVIm after 20 cycles.

conductivity on the surface of the silicon nanoparticles.

The enhanced performance in the presence of silicon nanopar-
ticles and C-PAVIm 1 can be explained based on the schematic
illustration shown in Fig. 5(c). Our designed C-PAVIm shows that
the ionic conductivity and robustness of the electrode improved
owing to the formation of an appropriate SEI layer and thermal
cross-linking. Meanwhile, PVDF formed a thick SEI layer, which
inhibited ion conductivity and disintegrated the structure of the
silicon nanoparticles. Hence, we focused on multifunctional binder
designs that can enhance lithium-ion transport by supporting the
formation of a conductive SEI, thereby affording a longer cycle life
and improved overall LIB performance.

Fig. 6(a) shows the charge-discharge profile of the first cycle at
0.05C for the electrodes composed of C-PAVIm and PVDE sepa-
rately. In the first cycle, an irreversible reaction was observed at
approximately 0.7 V; which resulted in the formation of an SEL The
C-PAVIm electrode demonstrated superior discharge and charge
capacity of 610 and 520 mAh g, respectively, as compared with the
PVDF electrode. This implies that the C-PAVIm electrode can offer
a better Li pathway and a lower ionic resistance [30]. The C-PAVIm
electrode exhibited a higher discharge capacity than the PVDF elec-

trode during the cycling life test (Fig. 6(b)). After 100 cycles, the C-
PAVIm and PVDF electrodes indicated saturated capacity of 190
and 105 mAh g, respectively. This implies that the C-PAVIm elec-
trode offers a more efficient transfer of Li even after long charge/
discharge cycles. Additionally; the characteristics above were reflected
in the rate capability result. The rate capability of the electrodes com-
posed of C-PAVIm and PVDF was verified up to 5.0C. Based on
the rate capability, we believe that the low Li ion diffusivity of the
PVDF electrode resulted in inferior electrical power properties, as
compared with the C-PAVIm electrode. To further investigate the
superior performance of C-PAVIm electrode, EIS was conducted
on the electrodes composed of C-PAVIm and PVDF after the for-
mation and 20" cydles, respectively. The diameter of the semicircle
in the higher frequency region was ascribed to the charge transfer
resistance (R,), which is associated with the chemical reaction
between the electrolyte and active material interface. After the for-
mation cycle, the PVDF electrode indicated a higher value of R,
which would result in a higher Li ion transfer rate. After the 20"
cycle, the R, of the PVDF electrode increased more significantly
than that of the C-PAVIm electrode. Additionally; it remained larger
than that of the C-PAVIm electrode, which implies that the PVDF

Korean J. Chem. Eng.(Vol. 40, No. 3)
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electrode possessed a more unstable interface with the electrolyte
as compared with the C-PAVIm electrode. These EIS results are
consistent with the other electrochemical results presented above.
Furthermore, the solution resistance of the PVDF electrode increased
significantly after the 20" cycle, whereas that of the C-PAVIm elec-
trode remained the same. This implies that the PVDF electrode
exhausted the electrolyte continuously during the cycling test owing
to the unstable interface between the active materials and electrolyte.

CONCLUSION

We have demonstrated that a cross-linked binder comprising
cyclic polymers can be utilized to improve cycling performance.
C-PAVIm, as a binder in Si anodes, performed better than the com-
mercially employed PVDF binder. Anodes based on the C-PAVIm
binder formed a better SEI than those based on the PVDF binder.
Consequently, the charge-discharge performance of the C-PAVIm
binder was improved. In addition, the C-PAVIm binder indicated
better rate performance and a higher discharge capacity than the
PVDF binder at high charge-discharge rates, thus indicating its high
stability. Consequently; the interaction of the C-PAVIm binder with
the electrode material improved and the current collector enabled
the integrity of the electrode to be maintained over a long cycling
period. These results indicate that C-PAVIm is a potential alterna-
tive to PVDF as a binder in LIBs. These innovative binders will
provide a practical solution for polymeric binders, which are highly
promising electrode materials. In the future, PAVIm binders might
prove to be effective.
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The cross-linked polymeric binder is prepared by a quaterniza-
tion of PVIm and allyl bromide (Fig. SI).

Fig. S2(a), the signals at 1.6-2.2 ppm (H,) 2.8-32 ppm (H,) are
ascribed to the backbone protons (CH, and CH-). This suggests
the successful polymerization of vinyl group of 1-Vinyl imidazole.
Likewise, the peaks at around 6.4-7.2 ppm are associated with the
protons (H, H, and H,) on the imidazole ring. The well-defined
peaks indicate that the polymerization proceeds smoothly. The

0 )

70°C,24h
1-vinyl imidazole
(Vm) (PVIm)

Fig. S1. Schematic illustration showing synthesis of PAVIm.
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NMR spectrum of allyl bromide shows specific peaks at 5-
6.2 ppm (H,, H,) can be assigned to the protons on the allyl(vinyl)
group of the allyl bromide (Fig. S2(b)).

XPS was performed on the silicon electrodes before cycling,
after 20 cycles as shown in Fig. S3. C=0, O=C-O were shown.
This is believed to be due to oxidation occurring in the manufac-
turing and storage process of PVDE, C-PAVIm 1 binder.
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Fig, $2. (a) "H-NMR spectra of PVIm; (b) "H-NMR spectra of allyl bromide.
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Fig. S3. XPS spectra for before cycling and after 20 cycles: (a) PVDF Ols; (b) C-PAVIm 1 Ols.

T Ll T - l' .l Ll Ll
538 536 534 532 530 528 526
Binding energy (eV)




