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ABSTRACT

All-solid-state batteries (ASSBs) with sulfide-type solid electrolytes (SEs) are gaining significant attention
due to their potential for the enhanced safety and energy density. In the slurry-coating process for ASSBs,
nitrile rubber (NBR) is primarily used as a binder due to its moderate solubility in non-polar solvents,
which exhibites minimal chemical reactivity with sulfide SEs. However, the NBR binder, composed of
butadiene and acrylonitrile units with differing polarities, exhibits different chemical compatibility
depending on the subtle differences in polarity of solvents. Herein, we systematically demonstrate
how the chemical compatibility of solvents with the NBR binder influences the performance of ASSBs.
Anisole is found to activate the acrylonitrile units, inducing an elongated polymer chain configuration
in the binder solution, which gives an opportunity to strongly interact with the solid components of
the electrode and the current collector. Consequently, selecting anisole as a solvent for the NBR binder
enables the fabrication of a mechanically robust graphite-silicon anode, allowing ASSBs to operate at a
lower stacking pressure of 16 MPa. This approach achieves an initial capacity of 480 mAh g~!, signifi-
cantly higher than the 390 mAh g~! achieved with the NBR/toluene binder that has less chemical com-
patibility. Furthermore, internal stress variations during battery operation are monitored, revealing
that the enhanced mechanical properties, achieved through acrylonitrile activation, effectively mitigate
internal stress in the graphite/silicon composite anode.
© 2025 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

growing adoption of EVs, the industry still faces several challenges,
including safety, driving range, and charging infrastructure. Among

Lithium-ion batteries (LIBs) have gained widespread recogni-
tion as one of the most promising power sources, driving a shift
from non-renewable fossil fuels to renewable energy solutions
[1,2]. This transformation is evident in the replacement of internal
combustion vehicles with electric vehicles (EVs). Over the past dec-
ade, the global market share of EVs has steadily increased, while
that of petrol vehicles has seen a significant decline. Despite the
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these, safety is regarded as the most critical issue, primarily due to
the use of flammable and volatile liquid electrolytes (LEs) in LIBs.
While LEs offer high ionic conductivity and their liquid state
enables efficient ionic conduction within the complex porous
structure of electrodes, the organic carbonate-based electrolytes
pose significant safety risks. These electrolytes can ignite or even
explode in emergency situations, making them the greatest con-
cern in LE-based LIB systems [3-5].

Recently, it is widely believed that replacing liquid-formed
electrolyte with thermally stable solid-state electrolyte can
mitigate the safety issues possessed in LE-based LIBs and the
energy density of batteries could be potentially maximized by
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designing bipolar-stacked electrode [6-10]. Furthermore, sulfide-
type solid electrolyte (SE) has shown a fast lithium ion conductiv-
ity comparable to the liquid electrolyte (>10~> S cm™~! within the
polyethylene separator) and also, they exhibited a low Young’s
modulus at ~20 GPa, leading to the formation of intimate surface
contact between solid particles [11-13]. Even though sulfide-
type solid electrolyte is considered as a promising SE candidate
for all-solid-state batteries (ASSBs), the chemical form of argy-
rodite (PS37), the main component of sulfide electrolyte, is very
unstable to the moisture in the atmosphere, leading to decomposi-
tion into a toxic H,S gas with decreasing Li* conductivity [9].
Regarding the instability of sulfide SEs, this leads to another issue
in terms of the scalable production. For now, ASSBs have been
mainly studied by pelletizing the solid components (active materi-
als, solid electrolyte, and conductive agents) and the pelletized
electrodes with a thickness of a few hundred micrometers are gen-
erally used for the study of the solid-solid interfacial reactions
between particles [14,15]. Considering a practical point of view
in the scalable production of batteries, however, solvent-based
processes like a wet slurry casting method, which is utilized in
the traditional manufacturing process in LIBs, are necessary for
roll-to-roll electrode manufacturing process [16-20]. Nonetheless,
the poor chemical stability of sulfide SEs is limiting the uses of
polar solvents (e.g. N-methyl-2-pyrrolidone and H,0), and non-
polar solvents (e.g. xylene and toluene) are widely adopted to dis-
solve binder or adjust a viscosity of electrode/SE slurry for the
studies of wet-process ASSBs [16,21]|. However, solvents like
toluene and xylene (including their meta-, ortho-, and para-
isomers) exhibit weak intermolecular forces [22], resulting in rapid
evaporation during slurry preparation. This evaporation rate is also
particularly accelerated under low-humidity conditions, such as
those found in glove boxes or dry rooms, which are commonly
used in the processing of sulfide SEs [23,24].

For the binder materials used in wet-slurry casting, nitrile rub-
ber (NBR) binders, dissolved in solvents such as xylene or toluene,
are commonly used due to their minimal reactivity with sulfide SEs
in sulfide-type ASSBs [25,26]. NBR is a copolymer consisting of two
distinct monomers, butadiene and acrylonitrile, with contrasting
polarities [20]. While butadiene is non-polar, the nitrile group in
acrylonitrile exhibits strong polarity, making it theoretically
incompatible with non-polar solvents. This incompatibility leads
to only partial dissolution of NBR in solvents such as toluene or
xylene. Consequently, these solvents make it more difficult to fully
exploit the co-polymeric nature of NBR, limiting the inherent prop-
erties of both butadiene and acrylonitrile. In particular, polar func-
tionalities, such as the nitrile groups in acrylonitrile, could possibly
enhance mechanical properties by interacting with surface func-
tionalities on the solid particles within the electrode [27,28].

To validate the use of proper solvents for dissolving NBR bin-
ders, Lee et al. reported the reactivity of sulfide SEs with various
solvents and demonstrated that para-xylene (p-xylene) does not
affect the crystal structure of sulfide SEs. They concluded that p-
xylene is an appropriate solvent for processing NBR binders in
ASSBs [21]. Additionally, Kim et al. investigated a co-solvent sys-
tem comprising dibromomethane and hexyl butyrate. This system
successfully modulated the solubility of LiTFSI and NBR copoly-
mers, enabling the development of a wet-processable Li* conduc-
tive binder solution for sulfide-type ASSBs. In their study, various
compositions of co-solvent mixtures were tested to evaluate the
solubility of NBR and Li salt as well as the reactivity with LigPSsCI
(LPSCI) [16]. However, the co-polymeric nature of NBR, which
influences its solubility in solvents, was not carefully considered
in the selection of solvent. Regarding the acrylonitrile units in
the NBR binder, Lee et al. studied how the acrylonitrile content
in the NBR binder influences sulfide-type ASSB performance. All
binders in their study were dissolved in a co-solvent system of
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N-butyl butyrate and benzyl acetate. They found that acrylonitrile
with a moderate content (25 wt%) enhanced the mechanical prop-
erties of the cathode electrode, resulting in the improved cycle per-
formance [29]. Although the study showed better battery
performance using an NBR binder containing 25% of acrylonitrile,
it also did not thoroughly address the compatibility between sol-
vents and the individual components of the NBR copolymer.

In this study, three solvents with subtly varying polarities, such
as toluene, p-xylene, and anisole, were utilized to dissolve the NBR
copolymeric binder for wet-processable ASSBs. The results
revealed that anisole, with its methoxy substituent, exhibited
slightly higher polarity than toluene or p-xylene, making it more
compatible with the acrylonitrile units in the NBR binder, leading
to better solubility of the binder in anisole. This enhanced solubil-
ity was attributed to the interaction between anisole and acryloni-
trile units, which led to the activation of dipole-dipole interactions
between the particles and/or the current collector, enhancing the
mechanical properties of the binder. The improved mechanical
properties of the NBR/anisole binder system were effectively
applied to a graphite/silicon anode for ASSBs, operating under a
pressure of 48 MPa, and this system restricted volume expansion
during the charge-discharge process, leading to the enhanced bat-
tery performance. Additionally, the enhanced mechanical proper-
ties allowed the electrode to operate at reduced stacking
pressure of 16 MPa by alleviating internal stress, further improving
performance. Therefore, this work demonstrates that the compati-
bility between solvent and polymeric binder must be carefully con-
sidered based on their molecular structures and chemical
properties, and this work also offers a potential solution for reduc-
ing the operating pressure of ASSBs.

2. Experimental
2.1. Materials

The commercial nitrile butadiene rubber (NBR, Mv ~80 Kk, nitrile
content ~32%) and polybutadiene (PB, Mw ~200 k) were supplied
by LG Chem and Sigma aldrich korea, respectively. Solvents of ani-
sole, toluene, and p-xylene were purchased by Sigma aldrich korea
and used without any purification. Natural graphite was supplied
by POSCO Future M in Korea and silicon nanoparticles
(30-50 nm) were purchased from Alfa-aesar in USA. LigPSsCl solid
electrolyte (LPSCl, average particle size ~3 pm, ionic conducti-
vity ~3 mS cm™!) was purchased from Posco JK Solid Solution in
Korea. Lithium metal (thickness ~300 pm) was purchased from
Honjo metal in Japan. It is important to note that all chemicals used
in this work are consistently stored in a dry room where the dew
point was maintained consistently below —60 °C. Consequently,
any moisture absorbed/adsorbed on the chemicals is likely to
desorb before use.

2.2. Preparation of sheet-type graphite/silicon composite electrode

The graphite/silicon anode slurry was prepared by mixing 70 wt%
active materials (NG:Si = 90:10 wt%), 26 wt% LPSCI, and 4 wt% NBR
dissolved in anisole, and toluene or p-xylene with a planatery
mixer (Thinky corp.,, ARM-310). The viscosity of slurry was
adjusted by additional solvents (anisole, toluene, or p-xylene,
depending on the solvent used for preparation of NBR solution)
and the homogeneously dispersed slurry was obtained. The
prepared slurry was subsequently coated onto Ni foil (10 pm,
Nipon steel, Japan) and dried in a convection oven at 120 °C for
30 min. The mass loading of graphite/silicon was controlled at
3.1 mg cm~2 (For pressure monitoring experiment, the electrode
loading was adjusted to 1.8 mg cm™2). All procedures were
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performed in a dry room with a dew point of —60 °C. For the prepa-
ration of LPSCI electrode to measure ionic conductivity as a func-
tion of solvents, a same procedure that was used for anode
electrode preparation was adopted, but the weight ratio of elec-
trode was fixed to LPSCI/NBR (dissolved in anisole, toluene, or p-
xylene) of 98/2 (wt%).

2.3. Cell assembly and evaluation of all solid-state batteries

To prepare a layer (or membrane) of solid electrolyte (SE),
~150 mg of LPSCl powder was pelletized in a home-made poly-
ether ether ketone mold using a hydraulic uniaxial press at
480 MPa. Graphite/silicon electrode was placed on one side of
the pelletized SE layer and cold pressed at 480 MPa and then Li
metal was placed on the other side of pelletized SE layer to form
a lithium metal half-cell. All cells were tested under constant
stacking pressure of 48 MPa. Prior to electrochemical performance
tests, all cells were sealed with Al pouch to avoid exposure to
humid air. For battery evaluation, cells were first charged/dis-
charged at 0.15 C in the potential range of 0.01-2 V for 3 cycles
as formation step. After then, the cells were charged and dis-
charged at 0.15, 0.3, 0.75, and 1.5 C for 3 cycles each to evaluate
rate capability, followed by testing the cycle life at 0.3 C for 100
cycles. All cells underwent charging to 0.01 V using constant cur-
rent and constant voltage (cut-off: 10% current) modes, followed
by discharging to 2 V via constant current mode.

For the analysis of electrochemical behavior, cyclic voltammet-
ric (CV) analysis was performed at 60 °C with a scan rate of
0.2 mV s7! in the same potential range applied for battery test.
Impedance analysis was performed to obtain ionic conductivities
of LPSCI pellet/films or observe resistance changes after cycling
in amplitude of 10 mV between frequencies of 5 x 1072-10° Hz
with Biologics SP-150.

The ionic conductivity of LPSCl pellet/films was calculated
using the formula of g = 1/(R x A), where ¢ is the ionic conductivity
(S cm™), 1 is the thickness of LPSCI pellet or films (cm), A is the
electrode area (cm?), and the R (Q) is the bulk resistance of the
LPSCI pellet or films used in this work.

2.4. Characterizations

Polymer domain size analysis was carried out using Dynamic
Light Scattering method (ELSZ-2000, Otsuka Electronics Co., Ltd).
X-ray diffraction (XRD) analysis on the LPSCI SE was conducted
by using an X-ray diffractometer (Empyrean, Malvern Panalytical)
equipped with Cu Ky radiation (4 = 1.540598 A), measured in the
20 range of 10°-70°. In order to suppress exposure to moisture in
the air, the LPSCI samples were placed on a special sampling holder
and the LPSCI samples were covered with a polyimide film. All
sampling procedures were carried out in a dry room. Scanning
electron microscopy (SEM, SEC SNE-4500 M) and energy-
dispersive X-ray spectroscopy (EDS, Bruker XFlash 640H Mini)
were utilized to analyze the morphological structure and elemen-
tal mapping, respectively.

Peel strength measurement was carried out using a 180° peel
test machine with a testing speed of 0.50 mm s~. For the analysis
of pore ratio on the LPSCI films, image ] software was used for pro-
cessing the images obtained from SEM. Adhesion strength of the
electrode was analyzed by peel tester (TXA, Yeonjin S-tech) and
surface and interfacial cutting analysis system (SAICAS, SAICAS-
DN-EX, Daipla Wintes, Japan). The measurements were performed
with a boron nitride blade, which has the width of 1 mm and shear,
rake, and clearance angles of 45°, 20°, and 10°, respectively. Inter-
facial adhesion between the electrode layer and current collector
was measured under constant load mode (a cutting load of 0.5 N
and a peeling load of 0.2 N). Cohesion within the electrode layer
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was determined at a mid-depth (i.e., 50% of the distance between
the electrode surface and interface). The cohesion was measured
under constant velocity mode using the same boron nitride blade,
which was moved horizontally and vertically at velocities of
2.0 um and 0.2 pm s~!, respectively, to reach target depth posi-
tions. And then, the measurement was performed by moving the
blade horizontally at a velocity of 2.0 um s~'. Each measurement
was repeated at least three times for each sample to ensure the
reliability of the results. The charge/discharge properties of the
ASSBs were measured using a cycle tester (Toyo System) at 60 °C.

3. Results and discussion

To examine the compatibility between the polymeric binder
and solvents, NBR was selected as the primary polymeric binder
in this work, as illustrated in Fig. 1(a). NBR binder solutions were
prepared by dissolving the binder in three different solvents: ani-
sole, toluene, and p-xylene. The molecular structure of the NBR
copolymer comprises two distinct building blocks, butadiene, and
acrylonitrile, each with contrasting chemical polarities. While
butadiene is non-polar, acrylonitrile contains nitrile groups with
strong polarity. Due to these different properties, the solubility of
NBR is expected to vary depending on solvent polarity. However,
despite the low polarity of toluene and p-xylene, numerous previ-
ous studies have reported their use for dissolving NBR binder
materials [16,21]. This preference is primarily due to the negligible
reactivity of these solvents with sulfide solid electrolytes. Never-
theless, the low polarity of toluene and p-xylene poses challenges
in dissolving the polar acrylonitrile units in the NBR binder, leading
to incomplete dissolution and less homogeneous binder solutions.
In contrast, anisole, with its methoxy group substituted on the
benzene ring, exhibits increased polarity, as illustrated by the
molecular electrostatic potential shown in Fig. S1, where the red
colored regions indicate electron-dense areas with partial negative
charge.

The effect of solvent polarity on NBR solubility was visually
demonstrated through photographs of NBR dissolved in different
solvents (Fig. 1b). As the solvent polarity increased from p-xylene
to anisole, NBR solubility was improved significantly, with the
solutions becoming more transparent and viscous. In contrast, as
mentioned earlier, NBR solutions in toluene and p-xylene appeared
opaque, and agglomerates of NBR were observed. Over time, these
agglomerates settled at the bottom of the vials, highlighting the
poor solubility of NBR in these solvents. It is important to note that
the solubility of the NBR copolymer was limited, even at 80 °C, and
agglomerates of NBR were still observed, as shown in Fig. S2. This
suggests a limitation in the compatibility between the solvent and
NBR, particularly with the nitrile group. To further investigate the
significance of the molecular polarity of the solvent, we also tested
ortho-xylene (o-xylene), which has methyl groups at the 1 and 2
positions on the aromatic benzene ring, to determine its effect on
NBR solubility (Fig. S3). As shown in Fig. S4, the solution became
more transparent and viscous compared to p-xylene, suggesting
that the nitrile groups were more effectively activated by the
methyl groups at the 1,2-positions in o-xylene. While the polymer
solution in o-xylene showed increased transparency and viscosity,
the interaction between the methyl groups and acrylonitrile
groups in the NBR copolymer may still be weak, leading to inferior
mechanical properties of the electrode. These observations under-
score the crucial role of solvent polarity in determining the solubil-
ity of NBR binder materials, which can directly influence the
physical properties of the resulting binder solution.

To further investigate the microstructural evolution of NBR in
different solvent systems, dynamic light scattering (DLS) analysis
was conducted on NBR samples dissolved in anisole, toluene, and
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Fig. 1. (a) Molecular structure of NBR copolymer and solvents (anisole, toluene, and p-xylene). (b) Photographs of binder solutions dissolved in different solvents (from left to
right: anisole, toluene, and p-xylene). (c) Results of polymeric domain size analysis and viscosity of each binder solution. (d) Illustration of polymeric domains in different
solvents. (e) Molecular compatibility between each unit of NBR copolymer and solvents (anisole, toluene, and p-xylene).

p-xylene, respectively (Fig. 1c and Fig. S5). As expected, NBR
dissolved in anisole (NBR-A) exhibited an average particle size of
61 um, whereas significantly smaller domains were observed for
NBR/toluene (NBR-T) and NBR/p-xylene (NBR-X) solutions, with
particle sizes of 5 and 2.5 pum, respectively (left y-axis in Fig. 1c).
The decreasing domain size of the polymer correlated with the
decreasing viscosity of the binder solutions, which were measured
to be 85, 10, and 2 cPs for NBR-A, NBR-T, and NBR-X, respectively
(right y-axis in Fig. 1c). This correlation suggests that the polymeric
structure of NBR exhibits a strong affinity with the polar anisole
solvent, as evidenced by the larger polymeric binder domains
observed in the DLS measurements [16,30]. In contrast, the poly-
mer domains of NBR dissolved in toluene and p-xylene were signif-
icantly smaller compared to those in anisole, and it is expected that
the microstructure of NBR in toluene and p-xylene is likely to
consist of agglomerates, where acrylonitrile units form a compact
core surrounded by butadiene chains that interact weakly with
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the solvent (Fig. 1d). Therefore, this finding implies that the acry-
lonitrile units in NBR interact with the methoxy substituents in
anisole, facilitating the enhanced solubility, while the molecular
polarity of toluene and p-xylene solvents is not high enough to
activate the acrylonitrile groups in NBR, leading to lower solubility
in these solvents (Fig. 1e).

The behavior of polymeric domain formation in different co-
solvents for the application of ASSBs has also been previously
investigated, particularly in relation to Li* transfer in the composite
electrode [16]. It has been suggested that a smaller polymer
domain formed in the composite electrode would help secure the
Li* pathway by minimizing the coverage ratio of interparticle
interfaces. When considering the intrinsic properties of each
monomer unit in the co-polymer structure, however, a partially
dissolved polymer solution, which forms smaller polymer
domains, may restrict the role of the co-polymer binder in the elec-
trode fabrication process and battery operation. In particular, the
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acrylonitrile units in the NBR binder have been known to enhance
mechanical properties by forming dipole interactions between the
highly polar nitrile groups and the SE, active materials, or current
collectors. Therefore, selecting the appropriate solvent to dissolve
the NBR binder becomes a crucial factor in exploiting an intrinsic
properties of polymer and this also ensures the mechanical proper-
ties of the battery electrode.

Primarily, the chemical compatibility between LPSCI and sol-
vents (p-xylene, toluene, and anisole) was investigated by analyz-
ing the crystal structure and morphological properties of LPSCI
after exposure to different solvents. For the preparation of
solvent-exposed LPSCI particles, 1 g of LPSCI was added to 10 mL
of each solvent, and the dispersion was vigorously mixed using a
vortex mixer for 10 min. The resulting dispersion was then cen-
trifuged, and the supernatant was removed. Prior to crystal struc-
tural analysis, the residual LPSCI particles were fully dried in a
vacuum at 60 °C overnight. As shown in the XRD analysis results,
the LPSCI exposed to the three different solvents showed diffrac-
tion patterns identical to those of the pristine LPSCI particles
(Fig. S6). Additionally, the morphological properties of LPSCI,
observed via SEM, did not change during the solvent exposure step
(Fig. S7). These findings indicate that the solvents used for dissolv-
ing NBR in this study do not chemically react with the LPSCI
particles.

To investigate the effect of polymeric domain forms on the ionic
conductivity in the LPSCI SE, LPSCI films were prepared using the
slurry casting method with NBR dissolved in different solvents, in
a composition of LPSCI: binder = 98:2 (wt%). Before analyzing the
ionic conductivity, the surface morphologies of each film, densified
under a pressure of 480 MPa, were observed by SEM. All films
exhibited similar surface morphologies, with negligible differences
in the surface pore ratio: 0.35%, 0.85%, and 1.5% for NBR-A, NBR-T,
and NBR-X, respectively (white points/regions in Fig. S8d-f). For
the ionic conductivity analysis of each film, the prepared LPSCI
films were used to fabricate symmetric cells for electrochemical
impedance spectroscopy (EIS) measurements. As shown in
Figs. S9 and S10, the ionic conductivity of the pelletized LPSCl
was measured to be 2.1 mS cm™. In contrast, the ionic conducti-
vity of the LPSCl films prepared by the slurry casting method
decreased more than two-fold, with measurements of 0.69 mS
cm™! (anisole), 0.77 mS cm™' (toluene), and 0.74 mS cm™'
(p-xylene) under the same external pressure of 480 MPa
(Table S1). This result may be in line with the previous reports
[16,21], which described that the forms of swollen polymer
domains in the electrode were significantly influencing the forma-
tion of Li* pathway. In case of LPSCI film prepared with NBR/anisole
binder in this work, a lower ionic conductivity was observed and
this was likely due to the increased SE coverage ratio by large size
of polymer domain, compared to NBR-T and NBR-X [31]. Another
possibility is that the methoxy unit in the anisole solvent could
activate the nitrile groups in the NBR binder, leading to the forma-
tion of activated nitrile groups. As shown in our previous work
[20], these nitrile groups can decompose upon reacting with LPSCI
in either chemical or electrochemical reactions. This could result in
the formation of passivating layers on the LPSCl powder when in
contact with the nitrile group of the NBR binder, which would fur-
ther decrease ionic conductivity (Fig. S11).

To confirm whether the selection of solvent for dissolving the
acrylonitrile units in the NBR binder affects the mechanical proper-
ties of the electrode, electrodes composed of active materials (nat-
ural graphite (NG, ~16 pm): silicon (Si, ~50 nm) = 90:10 by
weight), LPSCI, and binder (NBR-A, NBR-T, and NBR-X) were fabri-
cated with a weight ratio of 70:26:4. The composite electrodes
were cold-pressed at 480 MPa, and the surface morphologies of
the electrodes were analyzed by SEM. As shown in Fig. 2(a-c),
NG (black circular shapes), Si, and LPSCI (grey-colored region) were
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uniformly distributed throughout all the electrodes, regardless of
the solvent used to dissolve the NBR binder. The distribution of
each particle in the electrode was also confirmed by the EDS map-
ping results shown in Fig. S12.

The composite electrodes prepared using NBR binders dissolved
in different solvents were subjected to surface and interfacial cut-
ting analysis system (SAICAS, SAICAS-DN-EX, Daipla Wintes, Japan)
analysis to determine whether the activation of acrylonitrile units
in NBR by the relatively polar anisole solvent affects the mechani-
cal properties of the composite electrodes. SAICAS analysis was
carried out using two different cutting modes: a constant load
mode to assess the adhesion between the electrode coating layer
and the Ni substrate, and a constant velocity mode to evaluate
the cohesion among electrode particles (e.g., active materials and
LPSCl) (Fig. 2d and Fig. S13) [32-34]. For adhesion analysis, the
electrode containing NBR-A exhibited the strongest adhesion, with
a value of 245 N m™!, compared to 214 N m~! for NBR-T and
197 N m™' for NBR-X (Fig. 2e). Additionally, cohesion properties,
measured by cutting through the mid-depth of the coating layer,
showed also significant variation depending on the binder system
(Fig. 2f). The NBR-A showed a cohesion strength of approximately
187 N m~!, whereas the NBR-T and NBR-X systems exhibited much
lower values of around 93 and 65 N m~!, respectively. According to
the results of measurement of cohesion and adhesion in this sys-
tem, the mid-depth cohesion strength was noticeably lower than
the adhesion strength at the interface between the electrode layer
and the current collector. The sample thickness for SAICAS analysis
was approximately 20 pm (Fig. S13), which is comparable to the
particle size of graphite (16 pm) used in this study. This implies
that a single layer of graphite was likely loaded onto the current
collector. Furthermore, considering the density of active materials
(~2.2 g cm~3) and LPSCI (~1.7 g cm~3), the volume ratio of active
materials/LPSCI could be calculated to be 68/32, indicative of high
volume of solid electrolyte in the electrode layer (Fig. S14). Given
the particle size of graphite, the NBR binder in the mid-depth
region primarily interacts with the graphite active material. Based
on Fourier-transform infrared spectroscopic analysis of the gra-
phite particles (Fig. S15), it was found that the graphite surface
has an insufficient number of functional groups, such as hydroxyl
and carboxyl groups, leading to weak dipole interactions with
the NBR binder. As shown in Fig. S16, the NG electrode containing
2 wt% NBR-A exhibited a significantly lower peeling strength com-
pared to that measured with LPSCI electrode. This suggests that the
NBR-A binder is more compatible with LPSCI powder than that
with NG powder in the electrode. Therefore, in the interface region,
a larger volume of the current collector and LPSCl is in contact with
the NBR binder, which may contribute to the enhanced adhesion
strength (Fig. S17). This result suggests that acrylonitrile, when
activated by the anisole solvent, helps establish a bond between
solid particles and the Ni substrate. As summarized in Fig. 2(g),
anisole-induced activated acrylonitrile units help bond both the
current collector and electrode particles together, while the NBR-
T and NBR-X systems were less effective in this regard, resulting
in weaker adhesion/cohesion strength in the electrode (Fig. 2h).

To confirm the polar interaction between acrylonitrile units and
other electrode components, a 180° peel-off analysis was also per-
formed using electrodes fabricated with polybutadiene (PB), which
consists solely of butadiene units, as the control binder material
(Fig. S18). This confirmed that the composite electrode with a PB
binder exhibited notably weak adhesion properties, with a peel
strength of 1.4 N m™!, suggesting that the non-polar butadiene
units do not contribute to enhancing the mechanical properties
of the composite electrode. For the electrodes fabricated with
NBR binders containing acrylonitrile units, in contrast, the
mechanical properties of each electrode were significantly
improved, with average peel strengths of 278, 86, and 23 N m™!
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for NBR-A, NBR-T, and NBR-X, respectively. These results indicate
that the acrylonitrile units in the NBR binder clearly act as interac-
tion sites, forming dipole interactions between the highly elec-
tronegative nitrogen (N) of the nitrile group and other
components in the composite electrode.

For the battery performance of each composite electrode with
different binders, NG/Si composite electrodes and Li metal were
used to fabricate a lithium metal half-cell with a pelletized LPSCI
electrolyte layer. A stack pressure of 48 MPa was applied during
battery operation. Prior to measuring battery performance, the
electrochemical behavior of each composite electrode was ana-
lyzed by performing CV at a scan rate of 0.2 mV s~! in a chamber
temperature maintained at 60 °C. As shown in Fig. S19, the cyclic
voltammograms obtained from the three different binder systems
exhibited similar electrochemical behaviors, with no distinct side
reactions. This indicates that the NBR binder present in the com-
posite electrodes was not electrochemically reactive in the operat-
ing potential for anode. At the first electrochemical lithiation
potential (0.01 V vs. Li*/°) of the NBR-A electrode, the current den-
sity was 4.4 mA cm2, decreasing to 3.1 mA cm™2 in the subsequent
cycle. This 29% if loss in lithiation kinetics is attributed to electrode
structural deformation caused by silicon pulverization during the
first cycle and the formation of a resistive solid electrolyte inter-
phase (SEI) layer on the active materials. In comparison, the
NBR-T and NBR-X electrodes showed more significant reductions
in lithiation rate, with losses of 40% and 42%, respectively, by the
second cycle. This suggests that the activation of nitrile groups
by the anisole solvent may enhance the mechanical properties of
the NBR-A electrode, improving its electrochemical performance.
Additionally, the stability of NBR binder systems was evaluated
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by interfacing them directly with metallic lithium. To analyze the
stability of the binder against lithium metal, we performed EIS
analysis on symmetric cells both in their as-prepared state and
after 10 h. Similar to the results without an interlayer (Fig. S20),
all cells with LPSCI interlayers containing binder materials showed
either no change or only a minimal increase in resistance after 10 h
compared to the fresh samples. These results confirm that the bin-
der system used in this study is suitable for operation at potentials
down to metallic Li.

Battery performance was also tested with a current density of
0.31 mA cm2 (0.15 C-rate) at an operating temperature of 60 °C,
and each electrode showed slightly different electrochemical
properties, particularly in capacity (Fig. 3a—c). For all half-cells
tested, the initial charge/discharge capacities appeared to depend
on the adhesion strengths of the electrodes. For the NBR-A elec-
trode, the initial discharge capacity was 510 mAh g~!, while the
NBR-T and NBR-X electrodes showed capacities of 469 and
464 mAh g1, respectively. Based on our previous studies [34,35],
the practical capacities of graphite and silicon used in this work
are approximately 370 and 1700 mAh g}, respectively (as summa-
rized in Table S2), and the observed capacity values in this study
are consistent with the theoretical value of ~504 mAh g~! for a
90 wt% NG + 10 wt% Si mixture. Additionally, it has been confirmed
that the binder content in the electrode does not influence the
capacity contribution from either the graphite or silicon materials
(Fig. S21).

Although the typical electrochemical peaks of graphite and sil-
icon in the charge-discharge process likely overlapped due to their
similar reaction potential ranges for lithiation and de-lithiation,
the capacity contribution of graphite and silicon to the total
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capacity can be approximately divided based on the plateau of NG
or Si observed in the voltage profiles, as shaded with different col-
ors in Fig. 3(a-c) (light yellow: NG, light blue: Si). As summarized
in Fig. 3(d), all electrodes exhibited a similar discharge capacity
of ~285 mAh g~! from NG, while the discharge capacities from Si
varied depending on the adhesion strength of each electrode
(NBR-A: 224 mAh g~', NBR-T: 188 mAh g!, and NBR-X:
183 mAh g~!). This suggests that the enhanced mechanical proper-
ties of the NBR-A binder can effectively alleviate electrode struc-
tural damage caused by the volume expansion of Si, leading to
increased capacity during the charge-discharge process.

To further investigate battery performance, composite elec-
trodes with different binder systems were evaluated at various
C-rates of 0.15, 0.3, 0.75, and 1.5 C for 3 cycles each. The NBR-A
electrode showed approximately 93% of capacity retention at 1.5
C, compared to that obtained at 0.15 C, while the capacity retention
for the NBR-T and NBR-X electrodes was 90% and 89%, respectively,
under the same conditions. Following the rate capability test,
cyclability was also evaluated at 0.3 C for 100 cycles. In terms of
cycle performance, the NBR-A electrode exhibited the highest
capacity retention of 94% after 100 cycles, while the NBR-T and
NBR-X electrodes showed 91% and 89% of capacity retention,
respectively. EIS was conducted to assess the evolution of
resistance after cycling tests. As shown in Fig. S22, the first semi-
circle observed at high-mid frequencies in the NBR-A cell was
significantly smaller compared to that in the NBR-T and NBR-X
cells. This suggests that the mechanical properties of the NBR-T
and NBR-X binders were insufficient to maintain the interfaces in
the electrode over 100 cycles, leading to an increase in interfacial
resistance and poorer capacity retention.

The tested cells were disassembled, and the cross-sectional
morphologies of each electrode were observed to check for thick-
ness changes before (Fig. S23a-c) and after (Fig. S23d-f) battery
evaluation. The thickness of all electrodes tested for 100 cycles
increased primarily due to the volume expansion of Si. The thick-
ness of the NBR-A electrode increased to 27 pm after 100 cycles,
compared to the pristine NBR-A electrode (22 pum). In contrast,
the thickness of the NBR-T (36 pm) and NBR-X (33 pum) electrodes
increased significantly after 100 cycles, compared to the pristine
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electrodes (25 pm for NBR-T and 21 pm for NBR-X), corresponding
to increments of 44% and 57% for NBR-T and NBR-X, respectively
(summarized in Fig. S24). Based on the results of thickness
changes, it is clear that the extent of volume expansion during bat-
tery operation strongly depends on the mechanical properties of
the electrodes, which are influenced by the binder materials.
Therefore, solvent-binder compatibility can significantly affect
the mechanical properties of the electrode, and this can be a criti-
cal factor in determining the electrochemical performance of
volume-change materials during the charge-discharge process.

In solid-state batteries, applying a high stacking pressure of
over 50 MPa is a common approach to ensure a well-connected
Li* pathway between solid particles. While this high pressure can
enhance battery performance, lowering the stacking pressure to
below 2 MPa, similar to the pressure used in commercial
lithium-ion batteries, remains a significant challenge for the com-
mercialization of solid-state batteries [35,36]. Therefore, it is cru-
cial to identify an approach that effectively reduces the external
pressure. To address this, we explored the correlation between
the mechanical properties of the electrode and the external pres-
sures in solid-state batteries. To confirm the effect of electrode
mechanical properties on the external pressure in a solid-state bat-
tery system, the external pressure was adjusted to 16, 48, and
80 MPa. For this study, NBR-A and NBR-T electrodes were used
to evaluate battery performance at different external pressures.
Before measuring battery performance, the EIS analysis was carried
out at different stack pressures. As seen in Fig. S25, the resistance
of the bulk electrolyte does not appear to change due to the pre-
applied fabrication pressure of 480 MPa. By increasing the stack
pressure up to 80 MPa for the NBR-A and NBR-T electrodes, each
spectrum in the high-frequency regime (Transmission Line Model,
TLM region), characterized by an approximately 40°-50° slope,
becomes smaller, likely indicating the enhanced ionic conductivity
in each electrode with increasing stack pressure of 80 MPa. Inter-
estingly, the NBR-A binder electrode showed a higher resistance
in the TLM region, likely due to the increased SE coverage ratio
caused by the larger polymer domains, as discussed in Fig. S11.

At 80 MPa, both electrodes showed similar discharged capaci-
ties of ~510 mAh g~! with ~77% of initial coulombic efficiency
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(ICE), likely due to the negligible impact of Si volume expansion
caused by the enormous external pressure. However, at lower
external pressures of 48 and 16 MPa, the NBR-A electrode exhib-
ited higher capacity compared to the NBR-T electrode (Fig. 4a
and b). At 48 and 16 MPa, the NBR-A electrode delivered 500 and
490 mAh g7, respectively, while the NBR-T electrode showed
440 and 390 mAh g~!, respectively. Furthermore, it appears that
the ICEs obtained at lower external pressures were also signifi-
cantly affected by the mechanical properties of the electrodes.
NBR-A electrodes maintained a high ICE of 77%, even at lower

(a)
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external pressures. In contrast, the ICE for the NBR-T electrode
dropped notably from 77% (at 80 MPa) to 59% (at 16 MPa). This
suggests that the volume expansion of Si during the initial charge
was not fully reversible in the subsequent discharge process,
leading to the reduced ICE at lower stack pressures for the NBR-T
electrode. To further investigate, we analyzed the capacity
contribution of graphite (NG) and silicon (Si) active materials dur-
ing the first discharging cycle. As shown in Fig. 4(d), the NG/Si dis-
charge capacity ratio in the initial cycle varied depending on both
the binder type and external pressure. For the NBR-A electrode, the

(b)
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NG/Si ratio was approximately 1.52, regardless of external pres-
sure. In contrast, the NBR-T electrode showed a higher capacity
ratio of NG/Si: 1.58, 1.68, and 1.62 at 16, 48, and 80 MPa, respec-
tively. This indicates that the mechanical properties of the elec-
trode play an important role in maintaining the internal
structure of the solid-state electrode during the charge-discharge
process. Considering the volume expansion issues of silicon, the
structural deformation of the electrode becomes more problematic
under low stack pressure during battery operation. The changes in
Si volume during the Li-Si alloying step directly affect the NG/Si
electrode structure, with little compensation from the weak exter-
nal pressure. Significant pulverization of Si can destroy electrode
structure and form void spaces in the electrode, leading to defor-
mation of the electronic and lithium ionic pathways to graphite,
occurring at a slightly lower potential (~0.1 V vs. Li*/) than the
Li-Si alloy formation potential (~0.4 V vs. Li*/®). This can lead to a
loss of graphite activity and a reduced specific capacity at lower
stack pressure. However, when high stack pressure is applied, the
structural stability of the NG/Si electrode is further enhanced by
the external pressure, helping to maintain percolation between
particles, which increases the capacity from graphite. Conse-
quently, percolation between the solid particles (graphite, silicon,
and solid electrolyte) in the electrode is well maintained due to
the enhanced mechanical properties from solvent-induced polar
interactions, and also this facilitates the charge-discharge
performance of the graphite/Si composite electrode while

(a)
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minimizing capacity loss due to electrode structure degradation,
even at low external pressure. Therefore, it is confirmed that the
careful selection of a polymeric binder can positively affect the per-
formance of solid-state batteries under lower external pressures.

To explore battery performance at low external pressure
(16 MPa), composite electrodes with NBR-A or NBR-T were evalu-
ated at different C-rates (0.15, 0.3, 0.75, and 1.5 C) for 3 cycles each,
followed by a cyclability test at 0.3 C over 100 cycles. Even at a low
external pressure of 16 MPa, the NBR-A electrode exhibited excel-
lent rate capability at 1.5 C, similar to the performance at 48 MPa
(Fig. 3e). In contrast, the NBR-T electrode showed poorer rate capa-
bility with 81% of retention at 1.5 C (compared to ~90% of capacity
retention at the same C-rate under 48 MPa). For the cyclability test
at 0.3 C, the NBR-A electrode displayed superior capacity retention
of 93.0% after 100 cycles. Meanwhile, the NBR-T electrode showed
a continuous decrease in capacity over cycles, resulting in 58% of
capacity retention after 100 cycles. Over 100 cycles, the NBR-T
electrode exhibited a lower average coulombic efficiency (~96%)
than the NBR-A electrode (~99.0%), likely due to continuous elec-
trode structural deformation caused by the poorer mechanical
properties of the NBR-T binder.

The increased internal resistance in the NBR-T electrode was
confirmed by EIS conducted after the cycle test. As shown in the
EIS spectra (Fig. S26), the first semicircle, which corresponds to
the interfacial resistance of the electrode, was much larger
for the NBR-T electrode compared to the NBR-A electrode.
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Additionally, the bulk resistance of the NBR-T electrode was slightly
higher than that of the NBR-A electrode, likely due to the destructed
interface between the electrode and the LPSCI SE layer caused by
the continuous volume expansion of the NBR-T electrode.

It is well-known that maintaining an intimate solid-solid inter-
face throughout the charge-discharge cycles is crucial for prolong-
ing the performance of all-solid-state batteries, as it provides a
continuous pathway for Li*. If any voids or cracks develop in the
electrode during operation, these defects can hinder Li* transfer.
This issue is particularly important for alloying-type anode materi-
als like silicon, which experiences significant volume expansion
during the formation of Li-Si alloys, potentially disrupting the con-
tact between particles [37,38]. To investigate the impact of the
mechanical properties of the electrode on the performance of
solid-state batteries, pressure changes in NBR-A and NBR-T elec-
trodes were monitored while the battery was operated at
30 MPa, as shown in Fig. 5(a), under dry room conditions (dew
point: < —60 °C, temperature: ~17 °C). To ensure stable electro-
chemical performance at 17 °C, the loading level of each electrode
was intentionally reduced to approximately 1.8 mg cm™2. As
depicted in Fig. 5(c), the first five cycles of both NBR-A and NBR-
T electrodes exhibited stable performance without capacity loss.
The NBR-A electrode achieved a higher capacity of approximately
427 mAh g~', compared to 337 mAh g~! for the NBR-T electrode.

Pressure changes were monitored by cycling NG/Si composite
electrodes made from NBR-A or NBR-T through five consecutive
charge (lithiation) and discharge (delithiation) cycles. As shown
in Fig. S27, the pressure changes were primarily governed by the
volume changes of the Li metal counter electrode during the
charge-discharge process [39,40]. During the charging phase, the
pressure dropped due to the stripping of Li metal at the counter
electrode, while during discharging, the pressure increased as Li
was deposited back. Interestingly, the pressure monitored during
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the discharge phase did not fully recover to its initial state, which
could be due to irreversible reactions, such as void or crack forma-
tion from silicon volume expansion, or the formation of the SEI
layer due to electrochemical side reactions between LPSCl and
active materials. As mentioned earlier, crack or void formation
induced by accumulated internal stress during battery operation
is directly linked to performance degradation by increasing elec-
trode resistance. To monitor the internal pressure changes during
the charge-discharge process, the differences in pressure changes
were normalized with respect to the charge or discharge capacity
at each cycle. The cumulative pressure change over the first five
cycles is shown in Fig. 5(c). In the first cycle, the internal pressure
of both cells notably dropped during the initial lithiation step, and
the pressure was not recovered during the subsequent delithiation
step (Fig. S27b). This was likely due to Li* consumption for SEI layer
formation, which hindered the pressure recovery to its initial state.
While the pressure drop during the first lithiation step was signif-
icantly higher in the NBR-T sample compared to the NBR-A elec-
trode, the recovery pressure during delithiation was almost
negligible for both electrodes. This phenomenon was complicated
to interpret precisely due to the complex reactions involved,
including SEI formation and crack/void formation from volume
expansion in both the working and counter electrodes. Therefore,
pressure monitoring was conducted starting from the second cycle.
As shown in Fig. 5(c), both electrodes exhibited a trend of decreas-
ing pressure over the cycles, but the accumulated pressure change
in NBR-A was much lower than that in the NBR-T electrode. This
may suggest that the higher binding strength of NBR-A could help
stabilize the electrode structure by densifying the electrode during
the initial cycles. In contrast, the NBR-T electrode was unable to
provide sufficient adhesion, leading to a further decrease in
pressure over cycles, likely due to the formation of internal voids
caused by Si volume changes (as illustrated in Fig. 6).

All-solid-state battery operating at reduced stack pressure

~
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Fig. 6. Schematic illustration of the importance of mechanical properties on graphite/Si composite electrode for operating at reduced stack pressure.
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4. Conclusions

In this work, we investigated the effect of solvent-induced polar
interactions on nitrile binders for graphite-silicon anodes in ASSBs
with sulfide-based solid electrolytes. NBR binders were dissolved
in anisole, toluene, and p-xylene to fabricate electrodes, which
were then analyzed for adhesion strength, cohesion, and electro-
chemical performance. The results showed that electrodes with
NBR-A binder exhibited superior mechanical properties, including
higher adhesion strength and cohesion compared to the other bin-
der systems. This contributed to better electrochemical perfor-
mance by effectively mitigating the structural damage caused by
silicon volume expansion during cycling. Additionally, even at
low external pressure (16 MPa), the NBR-A electrode maintained
good performance, highlighting the importance of mechanical
properties in maintaining battery performance under reduced
pressure conditions. Further investigation of the pressure changes
during battery operation revealed that the NBR-A electrode
showed lower pressure variations compared to the NBR-T elec-
trode. This indicates that NBR-A binder helps maintain the elec-
trode structure against volume expansion of silicon, which
contributes to better battery performance, especially at lower
external pressure. The NBR-A electrode also exhibited better
capacity retention and higher coulombic efficiency, further sup-
porting the role of binder mechanical properties in improving
solid-state battery performance under low-pressure conditions.
Therefore, this work demonstrated that the compatibility between
solvent and polymeric binder must be carefully considered based
on their molecular structures and chemical properties, and this
work also offered a potential solution for reducing the operating
pressure of ASSBs.
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