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Among the various next-generation battery systems, all-solid-state lithium batteries (ASSLBs) employing
sulfide-based solid electrolytes have garnered considerable attention because of their high energy density
and enhanced safety compared to conventional lithium-ion batteries (LIBs) with liquid electrolytes. The
fabrication of composite cathodes for ASSLBs by the wet-slurry process is highly desirable, because it can
be scaled into a large sheet and be applied to the established slurry-processed electrode manufacturing
technology of LIBs. A polymer binder in the composite cathode is an important component for maintain-
ing good interfacial contacts among the electrode components (active material, solid electrolyte, and con-
ducting carbon) during charge and discharge cycles. In this study, we used polybutadiene and
acrylonitrile-butadiene rubbers (NBR) with different acrylonitrile (AN) contents as a polymer binder in
the composite cathode. Our results demonstrated that a composite cathode employing NBR with
25 wt.% AN (NBR25) showed good elastic properties and superior adhesion without the large deteriora-
tion of interfacial contacts during cycling. The solid-state Li-In/LigPSsCl/LiNig;C0o1Mng,0; cell assem-
bled with the composite cathode employing NBR25 exhibited an initial discharge capacity of
149.0 mAh g~! with good capacity retention at 0.2 C and 25 °C.
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Introduction

Many countries have implemented various eco-friendly policies
to reduce carbon emissions and solve global warming problems.
Therefore, the number of internal combustion engine (ICE) vehicles
emitting greenhouse gases, such as CO,, must be reduced; thus,
many ICE-based automobiles have gradually been converted to
electric vehicles (EVs) [1]. The development of rechargeable batter-
ies with high energy densities and enhanced safety is essential for
the commercialization of EVs. However, conventional lithium-ion
batteries employing flammable liquid electrolytes have intrinsic
safety concerns, such as fires and explosions under abnormal con-
ditions [2,3]. To solve these safety issues, all-solid-state lithium
batteries (ASSLBs) employing nonflammable solid electrolytes
have garnered considerable attention owing to their high energy
density and enhanced safety [4-6].

Solid-state electrolytes can be classified as polymers, oxides,
and sulfides. Among them, sulfide-based electrolytes, such as
LizS—PzSS, Li7P3S1], Li10GeP2512 (tth-LISICON), and L16p55X
(X = Cl, Br, I; argyrodite), are promising electrolyte systems for
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ASSLBs because of their high ionic conductivity (~1072 S cm™!)
comparable to that of liquid electrolytes. They also have high duc-
tility, which enables the intimate interfacial contacts of inorganic
particles without sintering at high temperature [4,7-14]. Never-
theless, many technical issues related to the fabrication of compos-
ite cathodes hinder the successful development of ASSLBs. The
composite cathode usually undergoes a large volume change dur-
ing the charge and discharge cycles, which deteriorates the interfa-
cial contact among the active material, solid electrolyte, and
conducting carbon with cycling, thereby degrading the cell perfor-
mance. Therefore, an appropriate amount of polymer binder is nec-
essary to maintain the interfacial contact and ensure that the
cathode components adhere to the current collector. However,
the conventional wet-slurry process used in fabricating the com-
posite cathode for ASSLBs has some challenges, such as the
increase in electrical resistance due to the presence of a polymer
binder in the composite cathode and the poor solubility of the
polymer binder in nonpolar solvents [15-17]. It is noticeable that
nonpolar or less polar solvents should be used in preparing the
electrode slurry, because sulfide-based electrolytes easily react
with highly polar solvents, such as N-methyl pyrrolidone [18,19].
Accordingly, the selection of a polymer binder that can be dis-
solved in less polar solvents is crucial for providing facile elec-
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tron/ion pathways and maintaining good interfacial contacts
among the electrode components during cycling.

In this study, we used polybutadiene (PBD) and acrylonitrile-
butadiene rubber (NBR) with different acrylonitrile (AN) contents
(25 and 37 wt.% nitrile) as a polymer binder in preparing the compos-
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ite cathode through the wet-slurry process. PBD is an elastomer with
high elasticity and flexibility owing to its low glass transition temper-
ature (Tg). It also dissolves well in nonpolar solvents. NBR is an elas-
tomeric copolymer comprising repeating units of acrylonitrile and
butadiene. In NBR, nitrile (-C=N) groups can induce ion-dipole inter-
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Fig. 1. (a) Voltage profiles of all-solid-state cells with three different binders during the first pre-conditioning cycle at a current rate of 0.05 C. (b) Charge and discharge curves
of the cell prepared with NBR25 at a current rate of 0.2 C. (¢) Cycling performance of all-solid-state cells with different binders at a current rate of 0.2 C. The AC impedance
spectra of all-solid-state cells with different binders (d) before and (e) after 100 cycles.
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actions with the active cathode material and sulfide electrolyte in the
composite cathode, resulting in enhanced adhesion of the electrode
components. In contrast, a high AN content reduces the flexibility
and elasticity of the composite cathode owing to the high glass transi-
tion temperature of polyacrylonitrile. Herein, we prepared the com-
posited cathodes comprising LiNig;C0p1Mng,0,, LigPSsCl (LPSCI,
argyrodite), conducting carbon, and different types of polymer bin-
ders. All-solid-state Li-In/LigPSsCl/LiNig ;C0 1Mng 20, cells were then
assembled with different composite cathodes and their electrochem-
ical performance was evaluated to investigate the effect of the poly-
mer binder on the cycling performance of the cells.

Experimental
Materials

N-butyl butyrate (BB) and benzyl acetate (BA) were purchased
from Alfa Aesar and Sigma-Aldrich, respectively. PBD and NBR
(NBR37, 37 wt.% nitrile) were purchased from Sigma Aldrich and
the other NBR (NBR25, 25 wt.% nitrile) was kindly supplied from
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Kumho Petrochemical Co., Ltd. LiNip;Cog1Mng,0, (NCM712,
dso = 10 pm) was supplied by L&F Co., Ltd., and used after vacuum
drying at 100 °C for 24 h. LPSCI (dsp = 1 pm) was purchased from
Jeong Kwan Co., Ltd. Lithium metal and indium foil were purchased
from Honjo Metal Co. Ltd. and Nilaco, respectively.

Electrode preparation and cell assembly

The binder solution was prepared by dissolving 5.0 wt.% of the
polymer binder (PBD, NBR25, and NBR37) in the mixed solvent of
BB/BA (1:1 by weight). A coating slurry comprising NCM712, LPSCI,
Super-P carbon, and binder (70:26:3:1 by weight) in the solvent was
homogeneously mixed using a planetary centrifugal mixer (Thinky
Mixer AR-100). The resulting slurry was then cast onto a carbon-
coated aluminum foil with a doctor blade and vacuum-dried at
80 °C for 24 h to remove residual solvents. As shown in Fig. S1, all
the components in the composite cathode were well adhered to
the aluminum current collector without detachment after punching,
and the obtained composite cathodes were flexible due to the pres-
ence of elastic polymer binder. The mass loading of NCM712 in the

Fig. 2. Cross-sectional SEM images of the composite cathodes prepared with different binders (a-c) before and (d-f) after 100 cycles. (a),(d) PBD, (b),(e) NBR25, and (c),(f)

NBR37.
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Fig. 3. (a) Nanoindentation load-depth curves of the composite cathodes prepared
with different binders at the maximum load of 1.0 mN and (b) elastic recovery ratio
of the composite cathodes with different binders.

composite cathode was approximately 14 mg cm™2. A solid elec-
trolyte pellet with a thickness of 800 pm was prepared by cold press-
ing 100 mg of LPSCI at 300 MPa. A thick solid electrolyte pellet was
used in this study, because the solid electrolyte was too brittle to pre-
pare a thin solid pellet. The composite cathode was then placed onto
a pelletized solid electrolyte and pressed under a constant load of
420 MPa. The Li-In foil was then placed on the other side of the solid
electrolyte as an anode, and the cell was pressed at a torque of 11 Nm,
corresponding to the stack pressure of 75 MPa. The molar ratio of Li
and In in the anode was 0.5 : 1.0. All the above processes were con-
ducted in a glove box (MBRAUN) filled with highly pure argon gas.

Characterization and measurements

The chemical structures of the polymer binders were confirmed
by 'H NMR spectroscopy using a VNMRS 600 MHz spectrometer
and Fourier transform infrared (FT-IR) spectroscopy between 800
and 2400 cm~! using a Nicolet iS50 spectrometer. X-ray diffraction
(XRD, MiniFlex 600 X-ray diffractometer) was used to investigate
the crystal structures of the LPSCI, NCM and composite cathodes
with different binders. The cross-sectional morphologies of the
composite cathodes were examined before and after cycling by
scanning electron microscopy (SEM) using a Nova NanoSEM 450
instrument. The SEM images were processed using the Image] soft-
ware to estimate the void fraction in the composite cathode.
Nanoindentation was conducted using a NanoTest NTX. The adhe-
sion properties of the composite cathode were investigated using a
surface and interfacial cutting analysis system (SAICAS, Daipla
Wintes). The chemical composition of the products formed on
the composite cathode after cycling was investigated using X-ray
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photoelectron spectroscopy (XPS, VG Multilab ESCA system 220i).
All spectra were fitted with a Lorentzian-Gaussian peak fit func-
tion and linear-type background using the XPSPEAK41 software.

Electrochemical measurement

Electrochemical impedance spectroscopy was conducted using
a Zahner Electrik IM6 impedance analyzer at an amplitude of
5 mV in the frequency range of 1 mHz to 1 MHz. The cycling per-
formance of solid-state Li-In/LigPS5Cl/LiNig7C0g.1Mng,0, cells was
evaluated using a battery cycler (WBCS 3000, Wonatech) at 25 °C.
The cell was pre-cycled twice in the voltage range of 2.4-3.7 V (vs.
Li-In) at a current rate of 0.05 C. After the pre-conditioning cycles,
it was charged to 3.7 V at a constant current of 0.2 C and further
charged at constant voltage until the value of the current reached
10% of the charging current. The cell was then discharged to a cut-
off voltage of 2.4 V at a current of 0.2 C (1 C = 2.5 mA cm™2). The
rate capability of the cells was investigated at current rates ranging
from 0.1 to 1.0 C.

Results and discussion

The chemical structures of the polymer binders used in this
study were confirmed by 'H NMR and FT-IR spectroscopy.
Fig. S2a and S2b show the chemical structures and "H NMR spectra
of PBD, NBR25, and NBR37, respectively. As shown in Fig. S2b, NBR
exhibits additional proton peaks at 1.66 and 2.59 ppm, correspond-
ing to the methylene (-CH,-, Hp) and methine (-CHCN-, Hc¢) pro-
tons, respectively. From the peak intensities, the molar ratios of
AN in NBR25 and NBR37 were calculated to be 32 and 48%, respec-
tively, which are consistent with 25 and 37 wt.% nitrile, respec-
tively. According to the FTIR spectra shown in Fig. S2c, all
polymer binders were characterized by small peaks at 1,640 and
1,670 cm~!, which can be assigned to C=C double bonds in the
butadiene unit. NBR showed an additional peak corresponding to
nitrile (-C=N) groups at approximately 2,235 cm~!. These results
confirm that the polymer binders had the expected structure with-
out any impurities. The polymer binders used in this study showed
different solubilities in organic solvents. PBD was not dissolved in
BA alone, and NBR37 was insoluble in BB alone. However, all poly-
mer binders could easily be dissolved in a mixed solvent of BA and
BB at a weight ratio of 1:1, as shown in Fig. S3.

Based on previous reports, the crystal structure of LPSCI treated
with polar organic solvents experienced serious collapse, leading
to a decrease in the ionic conductivity of LPSCI and the deteriora-
tion of cell performance [15,18]. To investigate the change in the
crystalline structure of LPSCI caused by organic solvents, we con-
ducted XRD analysis of LPSCI before and after treatment with dif-
ferent solvents. LPSCI was immersed in each solvent for 48 h and
then vacuum-dried to remove the solvent at 80 °C for 24 h. As
shown in Fig. S4, the XRD patterns of LPSCI treated with different
solvents were consistent with that of pristine LPSCI, indicating that
LPSCI was chemically stable in the organic solvents used in this
study. Based on the solubility test and XRD analysis, a mixed sol-
vent of BA and BB (1:1 by weight) was used to prepare a wet slurry
for the composite cathode. The cyclic voltammograms of the LPSCI-
binder composites in Fig. S5 confirm that all the binders investi-
gated in this study are electrochemically stable in the voltage
range of 1.0 to 3.7 V vs. Li-In. From the XRD patterns of the com-
posite cathodes with different binders (Fig. S6), it is confirmed that
LPSCI has good chemical stability toward organic solvents and
NCM without any side reactions and degradation during the prepa-
ration of composite cathode.

The cycling performance of the solid-state Li-In/LigPSsCl/LiNig 7-
Cop1Mng 0, cells assembled with different composite cathodes
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was evaluated at 0.2 C and 25 °C. Each cell was named based on the
polymer binder used in the composite cathode. For example, the
cell assembled with the composite cathode using NBR25 was
referred to as the NBR25 cell. Prior to the cycling test, the cells
were subjected twice to two preconditioning cycles at a current
of 0.05 C. The voltage profiles of the cell obtained in the first pre-
conditioning cycle are shown in Fig. 1a. All the cells exhibited sim-
ilar voltage profiles and exhibited discharge capacities of 164.2-
167.7 mAh g~ at a current rate of 0.05 C. Fig. 1b and Fig. S7 show
the charge and discharge curves of the cells employing different
binders at a current of 0.2 C. The PBD and NBR37 cells exhibited
the highest and lowest initial discharge capacities of 150.8 and
142.2 mAh g, respectively. Considering the cycling stability, the
NBR25 cell exhibited the best capacity retention of 84.2% after
100 cycles, whereas the PBD cell showed the worst cycling reten-
tion, as shown in Fig. 1c. AC impedance of the cells was measured
before and after 100 cycles, and the results are shown in Fig. 1d
and 1e, respectively. As given in the equivalent circuit in Fig. S8,
the intercept on the real axis corresponds to the bulk resistance
(Rp) of the sulfide electrolyte, and the depressed semicircle
observed in the high- to low-frequency region can be ascribed to
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the interfacial resistances between the electrolyte and electrodes.
In the depressed semicircle, the high-frequency semicircle can be
assigned to Li* ion diffusion between the composite cathode and
the solid electrolyte (Ryg), and the semicircle at low frequency is
attributed to the charge transfer resistance (Re) [20-22]. The cells
exhibited similar interfacial resistances before cycling, as shown in
Fig. 1d. However, a large difference was observed in the interfacial
resistance after 100 cycles. As depicted in Fig. 1e, the interfacial
resistance decreased in the order of PBD > NBR37 > NBR25 after
100 cycles. The large increase in the interfacial resistance in the
PBD cell may be related to the loss of interfacial contacts among
NCM712, LPSCI, and conducting carbon because of the weak bind-
ing properties of the PBD binder during repeated cycling. This is
because PBD does not have any polar functional groups to induce
the ion-dipole interactions for strong adhesion with NCM712
and LPSCI in the composite cathode. In contrast, NBR25 and
NBR37 contain nitrile groups that promote physical interactions
with NCM712 and solid electrolytes (LPSCl) [23-25]. Meanwhile,
the difference in the interfacial resistances in the NBR25 and
NBR37 cells after cycling may originate from the difference in elas-
tic properties between the two binders. The higher elasticity of
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Fig. 4. Schematic illustrations of the SAICAS experiment at (a) constant velocity and (c) constant load modes. Forces required to cut and peel the composite cathode at (b) the
middle part of the composite cathode and (d) the interface between the composite cathode and Al current collector.
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NBR25 can relieve and withstand the mechanical stress induced by
the volume expansion and contraction of NCM712 during cycling,
thereby maintaining the interfacial contacts without the loss of
electron and ion pathways in the composite cathode. After peeling
off the solid electrolyte from the composite cathode prepared with
NBR25, the chemical change occurring over the solid electrolyte
pellet was investigated using XPS. As depicted in XPS spectra of
Fig. S9, the solid electrolyte pellet exhibits no significant chemical
changes before and after cycles, indicating the solid electrolyte is
stable toward the NBR25.

To investigate the interfacial adhesion of the cathode compo-
nents, cross-sectional SEM images of the composite cathode were
obtained before and after cycling; the resulting SEM images are
shown in Fig. 2. The left SEM images (Fig. 2a-2c) are of pristine
composite cathodes, and the right ones (Fig. 2d-2f) are of compos-
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ite cathodes after 100 cycles. Before cycling, all composite cathodes
exhibited good interfacial contact between NCM712 and LPSCIL.
However, the composite cathode with PBD showed a large void
space between the active material and solid electrolyte after
cycling, and many cracks were observed within the NCM712 parti-
cles, which arise from the mechanical stress due the large volumet-
ric changes of NCM712 during the repeated intercalation and
deintercalation of Li* ions. Accordingly, the ion and electron path-
ways in the composite cathode with PBD were lost, thereby
increasing the interfacial resistance and large capacity fading of
the cell. In contrast, in the composite cathode employing NBR25,
the interfacial contacts between the cathode components were
well maintained with fewer voids after cycling. The void fraction
in the composite cathodes was estimated using the Image] soft-
ware [26]. Fig. S10 shows the cross-sectional SEM images of the
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Fig. 5. XPS spectra of the composite cathodes with different binders before and after 100 cycles. (a) S 2p and (b) P 2p.
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composite cathodes processed using the software. After cycling,
the void fractions in composite cathodes prepared with PBD,
NBR25, and NBR37 were calculated to be 15.9, 3.2, and 8.4%,
respectively. As discussed previously, NBR25 can strongly adhere
to NCM712 and LPSCI owing to the presence of polar nitrile groups
and can accommodate the mechanical stress caused by the large
volume change of NCM712 owing to its elastomeric properties,
thereby maintaining good interfacial contacts. Notably, many
cracks were observed in NCM particles in the composite cathode
with NBR37, which can be attributed to the insufficient elastic
properties of NBR37 that cannot withstand mechanical stress [27].

A nanoindentation experiment was conducted to measure the
elastic recovery of composite cathodes prepared with different bin-
ders. The load versus depth curves of the different composite cath-
odes at a maximum load of 1 mN are shown in Fig. 3a. In this curve,
the elastic recovery ratio is defined as the restored depth divided
by the maximum penetration depth [28,29]. The elastic recovery
ratios of the composite cathodes were estimated based on the
nanoindentation curves and are shown in Fig. 3b. The composite
cathode with PBD showed the smallest elastic recovery ratio as
PBD does not have any polar groups that can effectively bind the
cathode components, although PBD has intrinsically elastic proper-
ties. NBR37 has the least content of butadiene, making the compos-
ite cathode less elastic. Thus, the composite cathode with NBR25
exhibited the highest elastic recovery ratio due to its balanced
adhesive and elastic properties.

The cohesive and adhesive strengths of the composite cathodes
were investigated using SAICAS. The SAICAS experiment was con-
ducted in two modes: constant velocity mode and constant load
mode, as illustrated in Fig. 4a and 4c. In the constant velocity
mode, the cutting blade cuts the composite cathode in the horizon-
tal and vertical directions at speeds of 2 and 0.2 um s~!, respec-
tively. When the cutting blade reaches the middle part of the
composite cathode, it cuts the electrode only in the horizontal
direction at a constant speed. The horizontal forces measured in
the constant-velocity mode are shown in Fig. 4b. As shown in the
figure, the composite cathode prepared with PBD exhibited the
smallest force, implying that the composite cathode with PBD
had poor cohesion properties [30]. In contrast, the composite cath-
ode with NBR25 exhibited the largest cohesive strength. In the
constant load mode, the cutting blade cuts between the composite
cathode and aluminum current collector with the same force of
0.2 N, and the resulting horizontal forces are depicted in Fig. 4d.
In this mode, the composite cathode containing NBR25 exhibited
the highest adhesive force. Based on these SAICAS results, NBR25
was found to have the highest cohesive and adhesive strengths
to effectively bind the cathode components, which is completely
consistent with the cross-sectional SEM images (Fig. 2) and
nanoindentation results (Fig. 3). Based on these results, the mor-
phological changes in the interface between NCM712 and LPSCI
in the composite cathode are schematically illustrated in
Fig. S11. As the composite cathode prepared with NBR25 had an
appropriate amount of AN groups to induce ion-dipole interactions
and butadiene groups with high elasticity, it could withstand vol-
umetric strain and maintain good interfacial contacts during
repeated cycling.

During repeated cycling, the solid electrolyte (LPSCl) was oxida-
tively decomposed on the surface of the composite cathode. The
decomposed products formed on the cathode after 100 cycles were
investigated using XPS. The XPS spectra of the composite cathodes
before and after cycling are shown in Fig. 5. The peaks correspond-
ing to P-S,-P and PO3~ can be clearly observed on the surface of the
cycled composite cathodes, which are the oxidatively decomposed
products of LPSCI at high voltage [31-35]. When the area of LPSCI
was 1.0, the relative areas of the decomposed products were calcu-
lated and are shown in Fig. S12. Notably, the amount of decompo-
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sition products on the composite cathode increased in the order of
NBR25 < NBR37 < PBD. As discussed earlier, the composite cathode
with PBD has high resistance owing to the deterioration of interfa-
cial contacts and the formation of numerous cracks in the active
materials, resulting in a large overpotential during charging and
the extension of the constant voltage charge at the end of charging.
Therefore, a large amount of LPSCI was oxidatively decomposed on
the composite cathode with PBD, which is another reason for the
large capacity fading in the PBD cell.

Fig. 6a shows the discharge curves of the solid-state Li-In/
LigPSsCl/LiNig ;Cog 1Mng,0, cell employing the NBR25 binder at
different current rates. With an increase in the current rate, the
overpotential of the cell increased, along with a decrease in the dis-
charge capacity. The cell exhibited a discharge capacity of
106.4 mAh g ! at a current rate of 1.0 C and temperature of
25 °C. Fig. 6b shows a comparison of the discharge capacities of
the cells with different binders at different current rates. The cur-
rent rate was increased after every five cycles from 0.1 to 1.0 C and
then decreased to 0.1 C. Notably, the differences in the discharge
capacity increased with increasing current rate. The NBR25 cell
delivered the highest discharge capacities at all the tested current
rates, which was ascribed to the lowest cell resistance owing to the
maintenance of good interfacial contacts in the NBR25-based com-
posite cathode.

Conclusions

The composite cathode for ASSLBs was prepared with NCM712,
solid electrolyte (LPSCI), conducting carbon, and different types of
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polymer binders (PBD, NBR25, and NBR37) using a wet-slurry pro-
cess. Mechanical and morphological analyses of the composite
cathodes confirmed that NBR25 strongly adhered to NCM712 and
LPSCI owing to the presence of nitrile groups and accommodated
the mechanical stress caused by the large volume change of
NCM712, thereby maintaining good interfacial contacts among
the cathode components during repeated cycling. Accordingly,
the all-solid-state lithium cell assembled with the composite cath-
ode employing NBR25 exhibited the best cycling performance in
terms of the cycling stability and high-rate performance. Our
results demonstrate that the cycling performance of all-solid-
state cells can be improved by appropriately selecting the polymer
binder in the composite cathode.
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