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Sulfide-based all-solid-state batteries (ASSBs) are advancing beyond solid electrolyte development to focus on
composite electrode design and scalability for commercialization. Scaling from laboratory prototypes to pilot-
scale production of large cells with high-energy density and high-performance ASSBs introduces new chal-
lenges. Large-scale electrode development necessitates selection of suitable polymeric binders that are
compatible with sulfide electrolytes and exhibit strong binding forces for enhanced longevity. In this regard, we
used rubber- and styrene-based polymeric binders in ASSBs and introduced a primer layer on the current col-
lector, combining carbon conductive agents and polyvinylidene fluoride, to improve adhesion to the current
collector. This primer layer reduces the binder content, which is an inactive component in the electrode, thereby
diversifying Li-ion and electron conduction pathways and enhancing the ionic and electronic conductivity of the
composite electrode. Furthermore, the primer layer not only prevents direct contact between the sulfide-based
solid electrolyte and the Cu current collector but also blocks interactions between the Cu current collector
and vaporized sulfur. By acting as a passivation layer, it effectively suppresses Cu corrosion. Consequently, a
pouch-type full cell incorporating a primer layer demonstrated improved initial capacity and higher Coulombic
efficiency under non-pressurized conditions. Specifically, the cell retained 80.7 % of its capacity after 100 cycles,
demonstrating improved performance compared to uncoated full cells (64.8 %).

1. Introduction decade in enhancing ionic conductivity and cell performance through

the development of various solid electrolytes[5-8] . In particular, ASSBs

As the transition from internal combustion engines to electric pro-
pulsion systems has become a reality, the growing demand for high-
performance electric vehicles has driven the development of next-
generation batteries beyond liquid electrolyte-based lithium-ion batte-
ries (LIBs)[1]. However, safety concerns associated with the use of
organic liquid electrolytes in LIBs remain a significant challenge[2-4] .
In response, all-solid-state batteries (ASSBs) have emerged as promising
next-generation batteries, with substantial progress made over the past
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with sulfide-based solid electrolytes (SSEs) have gained significant
attention, demonstrating ionic conductivity comparable to that of liquid
electrolytes while offering the advantages of cold pressing[9-14]. To
commercialize sulfide-based ASSBs, ongoing research aims to ensure
consistent ionic conductivity under harsh conditions, expand Li-ion
pathways at interfaces, stabilize interfaces at elevated voltages, and
develop novel anode systems including lithium metal[15-22]. One
notable advantage of transitioning from LIBs to ASSBs is the ability to
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adapt classical LIB active materials (AMs) with minimal modifications.
Additionally, the slurry-casting process for manufacturing large-area
ASSB electrodes can proceed similarly by simply incorporating SSEs
into the powder mixing process. However, SSEs are chemically unstable,
which limits the use of conventional polar solvents, such as N-meth-
yl-2-pyrrolidinone (NMP) and ethanol[23,24]. This limitation funda-
mentally affects the choice of polymeric binder, rendering traditional
binders like polyvinylidene fluoride (PVDF) unsuitable[25]. Alternative
binders such as nitrile butadiene rubber (NBR) and
styrene-butadiene-styrene (SBS), soluble in several nonpolar or less
polar solvents (e.g., anisole, xylene, and acetonitrile), exhibit weaker
binding strength compared to classical binders (e.g., PVDF) due to their
lack of polar groups. Consequently, the reduced interfacial adhesion
between the current collector and electrode necessitates the addition of
large amounts of binder to compensate for this low binding strength;
however, this obstructs the Li-ion and electron movement, thereby
degrading cell performance[26-28]. This study introduces a primer
layer, comprising PVDF with a strong binding force and carbon
conductive agents, between the electrode and current collector. This
approach simultaneously enhances the interfacial adhesion and in-
creases the surface roughness of the current collector for improved
electrode bonding area, preventing electrode delamination and facili-
tating a more stable electrode—current collector interface. The intro-
duction of the primer layer allowed for a significant reduction in binder
content within the composite electrode (up to 80 wt%), diversifying the
Li-ion and electron conduction pathways. This led to improved elec-
trochemical performance, including enhanced initial discharge capacity
and cyclability. Furthermore, the primer layer functions as a passivation
layer, effectively mitigating reactions between Cu and S at the anode.
The proposed primer system can be applied across both positive and
negative electrodes, resulting in significant performance improvements
for full cells. Its ability to provide sufficient adhesion under low external
pressure is particularly advantageous for large-area ASSBs, demon-
strating excellent electrochemical performance.

2. Materials and methods
2.1. Material preparation

LigPSsCl (LPSCI) was synthesized via solid-state mechanochemical
reactions. Stoichiometric quantities of precursors, LisS (99.98 %, Sigma-
Aldrich), P2Ss (99 %, Sigma-Aldrich), and LiCl (99.98 %, Sigma-
Aldrich), were combined in a zirconia jar with zirconia balls and sub-
sequently milled at 510 rpm for 60 h using a planetary ball mill (Pul-
verisette 6, Fritsch). The resulting glass powders underwent annealing in
a sealed quartz tube within an Ar-conditioned furnace at 550°C for 5 h.
The wet-milling method was used to prepare small-sized electrolyte
particles to be used in the composite electrode. Zirconia balls, LPSCl
powder, and mixed solvent of heptane and dibutyl ether were added to
the zirconia jar and processed using a ball mill (Pulverisette 7, Fritsch).
The volume ratio of the mixed solvent of heptane and dibutyl ether is
8:1. The ionic conductivity of the Small-sized LigPSsCl (S-LPSC]) is 1.69
mS/cm, and the electronic conductivity is 4 x 10> mS/cm. The 50 %
cumulative population (Dsg) is 0.91 pm (Figure S1). The milled LPSCI
powder was subsequently vacuum-dried overnight in a Biichi oven.
LiNbO3 coating on LiNipg2Cop 13Mng o502 (NCM82, SMLAB) was
accomplished by dissolving Li metal (Honjo Metal Co., Ltd.) and
Niobium ethoxide (99.95 %, Sigma-Aldrich) in ethanol at stoichiometric
proportions. NCM powder was added to the solution, followed by
vigorous stirring for 30 min and solvent evaporation. The powder was
then sintered at 400°C under an O flow. Figure S1 shows the particle
size analysis results for the particle distribution of NCM82 and graphite.

2.2. Primer and electrode fabrication

Primer layer deposition on the current collector utilized the doctor
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blade technique, with different types of carbon conductive agents
(graphene, super P) and distinct carbon to PVDF (solef 5130, Solvay)
ratios for the anode and cathode. Given the difference in electronic
conductivities of Cu and Al current collectors, solution compositions
were tailored accordingly. After adding carbon conductive agents, the
solutions were stirred for 1 h, and the carbon was uniformly dispersed
using a horn sonicator. Respective primer solutions were coated onto
bare Al (Al C.C) and Cu current collectors (Cu C.C), subsequently
designated as primer@Al and primer@Cu, respectively. The electrodes
were fabricated via the doctor blade method using a premixed powder
and binder solution. The mixing of active materials (NCM, graphite), S-
LPSCL, and Super P was performed using a mixer mill (MM400, Retsch).
After adding SUS balls and powders in a grinding jar, they were mixed at
20 Hz for 20 minutes while being careful not to physically damage the
particles. The pristine cathode composition was 80:17:1.5:1.5 (NCM82:
LPSCl:super P:NBR) by weight, and the composition of the cathode with
a low binder content (LBC) was 80:17:1.5:0.2. The pristine anode
composition was 56:40:1:3 (graphite:LPSCl:super P:SBS), and the
composition of the anode with LBC was 56:40:1:2. Both SBS and NBR
binders were dissolved in anisole, with loading levels adjusted through
additional anisole incorporation into the slurry. The mixed powder and
binder solution were mixed at 2000 rpm for 6 minutes using a thinky
mixer (ARE-310, THINKY corp.). The prepared slurries were then coated
onto their respective current collectors to fabricate the electrodes. Both
the cathode and anode electrodes were first dried for 30 minutes on a
60°C hot plate in the glove box immediately after casting. Additionally,
vacuum drying at room temperature was performed for 10 hours in a
chamber connected to the glove box.

2.3. Electrochemical characterization

For the half-cell tests, the vacuum-dried electrodes were punched
into 12-mm diameter discs and used as the working electrodes. First,
110 mg of the LPSCl SSE powder pressed at 170 MPa into a 13-mm
diameter mold. Subsequently, the punched electrode was placed on
one side of the SSE powder pellet and pressed at 370 MPa. An Li-In alloy
was added on the opposite side of the working electrode and pressed at
200 MPa. For the full-cell tests, an SSE film was prepared by mixing
LPSCI powder with NBR in a 98:2 ratio. The SSE film used in the pouch-
type full cell was prepared in the form of a free-standing flim. LPSC] and
NBR were mixed at a weight ratio of 98:2 at 2000 rpm for 6 minutes
using a Thinky mixer in a glove box. The mixed solution was then cast on
a polyethylene terephthalate (PET) film and dried at room temperature
without using a hot plate. After the solvent was completely evaporated,
vacuum drying was performed at room temperature for 10 hours in a
chamber connected to the glove box. Afterwards, the SSE flim was
peeled off from the PET film in the glove box to obtain a free-standing
film. In the actual pouch cell, two sheets of the cut SSE film were
overlapped and used as a membrane. This is to prevent short circuit, and
the thickness of the combined two sheets was 80pm after warm isostatic
pressure (WIP), as shown in Figure S2. The ionic conductivity of the
large-sized LPSCI (L-LPSCI) used in the fabrication of the electrolyte film
is 4.17 mS/cm, and the ionic conductivity of the electrolyte film used in
the actual pouch-type full cell is 2.38 mS/cm. The results of each EIS
measurement are shown in Figure S3. The cathode film was cut to a
40 x 30 mm? size, whereas the SSE and anode films were cut to a
42 x 32 mm? size. Al and Ni tabs were ultrasonically welded onto the
cathode and anode, respectively. The cathode, SSE film, and anode were
sequentially stacked into an Al pouch to assemble the full cell. Finally,
the packaged pouch-type full cell was compressed at 480 MPa and 60°C
using a WIP instrument (Ilshin autoclave). The active material mass
loading of the cathode is 16.5-17.1 mg/cm? and the thickness of cathode
is approximately 80pm, excluding the Al current collector. The active
material mass loading of the anode is 9.5-11 mg/cm? and the thickness
is approximately 85-110 pm, excluding the Cu current collector
(Figure S4). The N/P ratio was maintained at 1.15-1.2, with 1 C
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= 180 mA g . Galvanostatic cycling tests were conducted on coin-type
half cells for cathode comparison and pouch-type full cells using a bat-
tery cycler (BCS-805, BioLogic) in the constant current (CC)/constant
voltage mode for charging and the CC mode for discharging at 30°C in
the voltage ranges of 2.1-3.7 V (vs. Li*/Li-In) and 2.7-4.3 V (vs. Li*/Li),
respectively. Additionally, for anode comparison, galvanostatic cycling
tests were conducted on coin-type half cells using a battery cycler
(WBCS3000, WonATech) in CC mode during charge and discharge in the
voltage range of —0.59-0.9 V (vs. Li*/Li-In) at 30°C. All cells were
operated without applying external pressure. For cyclic voltammetry
(CV) measurements, symmetric cells were manufactured using the cur-
rent collectors to be evaluated. A mixed slurry of LPSCI (95 wt%) and
NBR (5 wt%) was cast onto the current collector, punched, and used as
an electrode for the symmetric cell. Similar to the half-cell assembly,
110 mg LPSCl powder was pressed into a 13-mm diameter mold at
170 MPa. Subsequently, the punched electrode was placed on both sides
of the SSE powder pellet and pressed at 370 MPa. Electrochemical tests
were conducted using a battery cycler (BCS-805, BioLogic) in potential
windows of 2.7-4.3 V (vs. Li/Li) for Al C.C and primer@Al and
0.01-1.5 V (vs. Li*/Li) for Cu C.C and primer@Cu. For all CV mea-
surements, the scan rate was 0.1 mV/s, and tests were conducted for 50
cycles. The galvanostatic intermittent titration technique (GITT) mea-
surements were performed using Li metal as the counter electrode in all
cells, with a battery cycler (BCS-805, BioLogic). During the first cycle, a
0.3-C pulse was applied for 10 min, followed by 2-h rest. The contact
area between the AM of the electrode and SSE was calculated using Eq. 1
based on the GITT measurements:

D:i(mAMoVM)Z. (AES>27 W
at \ May oS AE,

where D represents the chemical diffusion coefficient of the AM(NCM82
or graphite), S represents the contact area between the AM and elec-
trolyte, 7 denotes the time for applying the current pulse, AEs denotes
the steady-state voltage change, AE; denotes the transient voltage
change, and My denotes the molecular weight of the AM; muy, denotes
the mass of the AM in the composite electrode, and Vy, denotes the molar
volume of the AM. Effective ionic and electronic conductivities of the
composite electrode were evaluated via chronoamperometry (CA) using
Solartron 1287 (Solartron Analytical). Effective ionic conductivity was
measured using an electron-blocking cell with the following configura-
tion: [Li metal | LPSCI | composite electrode | LPSCI | Li metal]. Effective
electronic conductivity was measured using an ion-blocking cell with
the following configuration: [SUS foil | composite electrode | SUS foil].

After applying a voltage of 0.1 V for 10 min, and the conductivity (o)
was calculated using Ohm’s law (R = V/I) and Eq. 2.

I 1 1 1
ofgxl—{fgxl—/. 2)
Here, I is the average of the last 100 measured current points, and V

is the applied constant voltage. The resistance (R) was calculated using
Ohm’s law. [ and S denote the thickness and area of the pellet,

respectively.

2.4. Material characterization

Top-view and cross-sectional images of the samples were captured
using field emission scanning electron microscopy (FE-SEM; Regulus
8230, Hitachi) equipped with energy-dispersive X-ray spectroscopy
(Ultim Max, Oxford Instruments). Cross-sections of all samples were
prepared using an ion milling system (ArBlade 5000, Hitachi). An air-
protection holder was used to prevent air exposure. The surface mor-
phologies of the current collector and primer layer were examined by
atomic force microscopy (AFM; XE-100, Park Systems). Scans with a size
of 10 pm x 10 pm? were performed in non-contact mode using an NCHR
cantilever. The three-dimensional (3D) AFM images were constructed
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using XEI software. A surface and interfacial cutting analysis system
(SAICAS; SAICAS-DN, Daipla Wintes Co., Ltd., Japan) was employed to
measure the adhesive strength within the electrodes under an Ar at-
mosphere. The measurements utilized a 1-mm wide boron nitride blade
at shear, rake, and clearance angles of 45°, 20°, and 10°, respectively.
For peeling the primer layer from the current collector and the com-
posite electrode from the current collector, the instrument operated in a
constant load mode. A cutting load of 1.1-1.2 N was applied until the
blade encountered an interface with significantly different physical
properties. A peeling load of 0.8 N was then applied horizontally to
detach the electrode or primer layer. Depth profiling of Cu C.C was
performed using time-of-flight secondary ion mass spectrometry (ToF-
SIMS; ToF-SIMS5, IONTOF). All analyses were performed with a pri-
mary Bi®* beam (30 keV) over a 50 x 50 um? raster area after sputtering
with a secondary Cs™ beam (10 keV) over a 200 x 200 pmz raster area.
The interface of composite andoe of Cu C.C, primer@Cu was analyzed by
Focused Ion Beam-Scanning Electron Microscope (FIB-SEM; Helios
NanoLab 600, FEI) and energy-dispersive X-ray spectroscopy (Ultim
Max, Oxford Instruments). Cross-sectional electron beam absorbed
current (EBAC) measurements were conducted using SEM (Teneo Vol-
umeScope, FEI) equipped with EBAC instruments (miBot, Imina Tech-
nologies). The interfacial resistance between the electrodes and current
collectors and the bulk resistivity of each electrode were measured using
an electrode resistance meter (RM2610, Hioki). The measurements were
performed over a the current range of 0-1 mA and voltage range of
0-0.5 V. Particle size analyses were performed by dispersing particles in
toluene using Particle Size Analyzer (PSA; Mircotrac S3500, Mircotrac).
Crystal structures of Cu C.C and primer@Cu were examined using
grazing incidence X-ray diffraction (GIXRD). GIXRD patterns were
measured using an X-ray diffractometer (D8 ADVANCE, Bruker) with
monochromatic Cu Ko radiation (A = 1.5406 10\) at a scanning speed of 2°
min~! in the 26 range of 10°~90°, maintaining an incident angle of 2° or
5°. All film samples were mounted on a zero-background silicon plate
within an air-tight holder to prevent exposure to air. The Young’s
moduli of the samples were calculated based on SEM images using SEM
(Nova Nano SEM 200, FEI) equipped with nano-indentation instrument
(Hysitron PI-85, Bruker). The tip was a cube corner, and the cross-
sections of the specimens were measured. The loading force was 8
mN, with loading, holding, and unloading times of 4, 2, and 4s,
respectively. To examine the porosity of the electrode according to
changes in binder content, analysis was conducted using a He gas pyc-
nometer (BELPYCNO, MicrotracBEL). Since the pycnometer-based
porosity measurement cannot measure closed pores, the true volume
tends to be overestimated, meaning that it does not accurately reflect the
actual porosity of the composite electrode[29]. However, this analysis
was conducted to compare the pristine electrode with the electrode
containing a primer layer, which has a reduced binder content. The
results indicate that apart from a slight difference in porosity due to the
binder content variation, no significant issues were observed. First, the
composite electrode slurry casting that was previously conducted on the
current collector was performed on the PET film, and then drying was
conducted, and the composite electrode film was peeled off. A certain
amount of the peeled-off electrode was placed into a 9 mm mold and
pelletized under a pressure of 370 MPa. After removing the pellet from
the mold, its height was measured to calculate the apparent volume.
Subsequently, the pellet was placed in the pycnometer sample holder,
and its true volume was measured using the pycnometer. Porosity was
then calculated using Eq. 3.

porosity = (1 _ Ve > x 100 3)

apparent

2.5. Generation of 3D electrode structure

To characterize the electrode microstructure using a three-
dimensional modeling and simulation approach, virtual electrode
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structures were built using a stochastic generation method based on the
volume fraction of each electrode component. The volume fraction was
estimated from the electrode design parameters (composition, mass
loading, and density) and the densities of individual components:
NCM82 (4.70 g cm™), graphite (2.10 g cm™3), LPSCI (1.88 g em™>),
NBR (1.00 g crn’3), SBS (1.00 g cm’3), and super P (2.0 g cm’s). The
active material, solid electrolyte, and carbon binder domain were uni-
formly distributed in a 3D computational domain of 30 x 30 x 55 pm?
for the cathode and 50 x 50 x 65 pm® for the anode, with a voxel size of
0.05 pm, using GeoDict software (Math2Market, Germany). The thick-
ness of the computational domain was smaller than the actual electrode
thickness to save memory usage and reduce simulation time. The size
distribution of each particle and the thickness of the primer layer were
determined based on experimentally measured data (detailed modeling
parameters are summarized in Table S1).

2.6. Electron/ion conduction simulation

Electron and ion conduction simulations were performed using the
3D electrode structures. The boundary conditions were imposed as AV
=1V under the Dirichlet condition along the thickness direction (z-
direction), applying a constant potential to the designated planes (1 V at
the —z plane and 0 V at the +z plane). Ohm’s law was employed as the
governing equation for both electron and ion conduction simulations. A
finite volume method (FVM)-based partial differential equation solver
was utilized to calculate the electronic and ionic current densities. Based
on Ohm’s law and the computed current densities, the electronic and
ionic conductivities of the electrode were determined. Detailed input
parameters are provided in Table S2[30-34].
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3. Results and discussion
3.1. Physical analysis of primer layer

The primer solution comprised a carbon conductive agent and
polymeric binder, with the weight ratio adjusted between 9:1 and 8:2
depending on the electrode type. Since the final electrode requires
double-casting on the primer layer, it was essential to prevent the
dissolution of the primer layer. Therefore, PVDF and NMP were used as
the polymeric binder and solvent, respectively. Detailed information on
the strategy for primer layers according to the choice of carbon
conductive additives, ratio for polymeric binder can be found in the
section, Materials and compositions suitable for primer layer in the
supplementary material [35]. SEM images of primer layers according to
the morphology of each carbon conductive additive can be found in
Figure S5. Adhesion force and bulk resistance according to variation in
carbon conductive additive content in the primer layer can be seen in
Figure S6. The carbon conductive agent and PVDF were uniformly
dispersed using a horn sonicator. The prepared primer solution was then
coated onto the current collector using the slurry-casting method and
dried overnight in an oven. Detailed preparation methods are provided
in the supplementary material. Fig. 1a shows the top-view images of Al
C.C and the primer@Al, whereas Fig. 1b shows corresponding top-view
images of Cu C.C and the primer@Cu. These figures confirm uniform
coating of the primer layer and increased surface roughness on both Al
C.C and Cu C.C. Cross-sectional images of each primer (Figure S7)
indicate a thickness of 2 pm for both primer@Al and primer@Cu, with
noticeably rougher surfaces compared to the bare current collectors. The
areal mass loading of primer@Al C.C is 0.29 mg/cm? and primer@Cu C.
C is 0.27 mg/cm? In general, an increased surface area improves the
adhesive force at the interface; thus, the mechanical bonding force is

Pristine current collector
Primer layer

Horizontal force (N)

Cathode

Anode

Fig. 1. Top-view SEM images of (a) Al C.C and primer@ Al, and (b) Cu C.C and primer@Cu. 3D AFM images of (c) Al C.C (left) and primer@Al (right), and (d) Cu C.C
(left) and primer@Cu (right). (e) Cross-sectional SEM images of electrodes on Al C.C (left) and primer@Al (right). (f) Adhesive force acting in the horizontal direction

with current collector.
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expected to be stronger with the primer coating[36].

AFM analysis further quantified the surface roughness and surface
area. The 3D AFM images are shown in Fig. 1c and d. The surface
roughness increased after primer coating. The corresponding roughness
values for each sample are presented in Table S3. The Ry (root mean
square roughness) and R, (arithmetic average roughness) values of the
primer-coated surfaces increased by approximately 20-30 times, and the
surface area increased by approximately 5 %-15 %. Additional rough-
ness data for the primer layers obtained through roughness line profiling
are presented in Figure S8, further corroborating the increase in surface
roughness. The interfacial adhesion force between each layer was
quantitatively compared via SAICAS analysis. This method evaluates the
adhesion force between the electrode and primer layers and the col-
lectors. Since the metal current collectors exhibited significant differ-
ences in physical properties compared to the electrode and primer
layers, the measurements were performed in constant load mode[37,
38]. The measurement results are presented in Fig. 1f. For primer@Al,
the interfacial adhesion force was 2.45 N, representing a 57 % increase
compared to Al C.C (1.56 N). For primer@Cu, the interfacial adhesion
force was 2.50 N, representing a 54 % increase compared to Cu C.C
(1.62 N). Considering the adhesion force generated by the lamination of
electrode particles onto the metal current collector, the addition of a
primer layer enhances the interfacial adhesion force.

a
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3.2. Electrochemical characterization of primer layer

CV was employed to evaluate the electrochemical stabilities of LPSCl
and the current collector interfaces. Measurements were conducted in
potential windows of 2.7-4.3 V (vs. Li*/Li) for Al C.C and 0.01-1.5V
(vs. Li™/Li) for Cu C.C, at a rate of 0.1 mV/s. The primer@Al electrode
exhibited no significant side reactions compared to Al C.C, with a similar
electrochemical reaction as that of LPSCI (Fig. 2a). Side reactions be-
tween Cu and SSEs due to the sulfur-philic properties of Cu have been
previously highlighted[39,40]. Hydrogen sulfide (H»S), a toxic gas
generated when SSE comes into contact with moisture (H20), is a major
factor in Cu corrosion[41]. The cell was fabricated in an Ar-filled glove
box, ensuring that CV measurements were conducted under conditions
with significantly suppressed H20. This allowed the electrochemical
reactivity to be confirmed only when Cu C.C and LPSCl were in direct
contact. A current peak attributed to the redox reaction of LPSCl in Cu C.
C was observed as expected, with the redox peak intensity increasing
with each cycle. This indicates that when Cu C.C is in direct contact with
the SSE, an electrochemical side reaction occurs, accelerating the elec-
trolyte oxidation. In contrast, for primer@Cu, no peak associated with
LPSCI oxidation was detected, confirming that the primer layer effec-
tively suppresses such side reactions or SSE oxidation (Fig. 2b). More-
over, considering the application to a full cell, performing CV over a

Primer@Al

Primer@Cu

Slow —

Fig. 2. CV profiles of symmetric cells using (a) bare Al C.C and primer@Al, and (b) bare Cu C.C and primer@Cu. Pink represents the first CV cycle and gradually
changes to light blue as CV cycling progresses. All symmetric cells were operated at 30°C without any additional external pressure. CV measurements were performed
in the voltage range of 0.01-1.5 V (vs. Li/Li). Electrical resistance images based on EBAC measurements: (c) Al C.C, (d) Cu C.C, (e) primer@Al, and (f) primer@Cu.
(g) Schematic of Li-ion and electron movement within composite electrode with current collector. The locations measured with an electrode resistance meter are
described. The blue interlayer on the right electrode in (g) represents the primer layer.
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wide voltage range shows that Cu C.C undergoes more severe side re-
actions. In contrast, when the primer layer is applied, it remains rela-
tively stable even within the expanded voltage range (Figure S9). The
AFM and SAICAS results confirmed enhanced bonding area and binding
strength. The polymeric binder—an electrochemically inactive material
with electrically insulating properties—introduces resistance to Li-ion
and electron transport at the electrolyte-AM interface. Therefore, the
reduction of the polymeric binder can be expected to improve electronic
and ionic conductivities; therefore, the binder content was minimized
while ensuring that the large-area electrode for the pouch-type cell
maintained its structural integrity (Figure S10). Consequently, we per-
formed electrochemical evaluations using electrodes with different
binder contents depending on the presence or absence of primer layer.
For the cathode, a slurry with 1.5 wt% NBR content was cast for Al C.C,
whereas a slurry with 0.2 wt% NBR content was cast for primer@Al. For
the anode, Cu C.C was cast in a slurry with a SBS content of 3 wt%, and
primer@Cu was cast in a slurry with a SBS content of 2 wt%. The ratio of
the detailed electrode composition is described in the experimental
section. The varying electrode compositions are expressed as LBC and
high binder content (HBC). Fig. 2¢~f present the EBAC images of the four
electrodes: HBC/Al C.C, LBC/primer@Al, HBC/Cu C.C, and LBC/pri-
mer@Cu. The difference in electronic conductivity of each cast electrode
is confirmed through EBAC analysis. The higher the electronic conduc-
tivity, the stronger the red intensity[42]. LBC/primer@Al and
LBC/primer@Cu exhibit stronger red intensity compared to HCB/Al C.C
and HBC/Cu C.C at both cathode and anode, indicating higher electronic
conductivity even at identical conductive material contents. In addition,
to compare the interfacial affinity of the primer layer and the quanti-
tative electronic conductivity within the electrode, the interfacial and
composite volume resistances were measured using an electrode resis-
tance meter. As shown in Fig. 2g, the interfacial resistance indicates
electron transfer ease from the current collector to the composite elec-
trode. Also, the composite volume resistance represents the resistance to
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the electron movement within the composite electrode. The primer layer
exists between the electrode and the current collector, which directly
improves the contact area and reduces the interfacial resistance. In the
composite electrode with a reduced amount of the electrochemically
inactive binder, the composite volume resistance is also decreased. The
results are presented in Table S4[43]. The primer layers reduced the
interfacial resistances of the cathode and anode by 91.4 % and 88.8 %,
respectively, and the composite volume resistances by 72.5% and
70.8 %, respectively. These results show that the primer layer improves
the electronic conductivity within the electrode by reducing the inter-
facial resistance and optimizing the electrode composition.

3.3. Electrochemical performance of half cell

Half-cell tests were conducted to assess the effect of primer layer on
electrochemical performance. For the cathode, the composite cathode
slurry was cast onto Al C.C and primer@Al at the optimized ratio above.
The half-cell test was performed within a voltage \window of 2.1-3.7 V
(Li*/Li-In), with the first cycle serving as a formation cycle at 0.05 C
(1 C =180 mA g™ 1). Original Al C.C electrode exhibited a specific ca-
pacity of 191.0 mAh g’l, whereas the optimized primer@Al electrode
with a reduced NBR content exhibited a capacity of 202.2 mAh g,
indicating an increased initial capacity (Fig. 3a). In addition, the opti-
mized primer@Al system exhibited 86.7 % capacity retention after 50
cycles (0.1 C) despite a greater volume change owing to the high
reversible capacity (Fig. 3b). This is higher than the 73.0 % capacity
retention of Al C.C[44,45]. The increased discharge capacity and
improved cycle performance can be primarily attributed to the intro-
duction of primer layer and reduction of electrochemically inactive
binder content. It is assumed that reducing the binder content increases
the contact area between the cathode AM and SSE[27].

To verify the increase in contact area, GITT analysis was performed.
The results confirmed that the AM coverage increased from 27.8 % for
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HBC/AI C.C to 62.7 % for LBC/primer@Al (Fig. 3c¢), suggesting higher
effective ionic conductivity in the composite electrode due to improved
Li* conduction pathways[16,46]. To measure the Li* diffusion coeffi-
cient of each active material, GITT measurements and BET analysis were
first conducted using a liquid electrolyte, and the results are shown in
Figure S11 and S12. To confirm improved Li* conduction pathway,
electrochemical analysis using CA was performed, showing LBC/prim-
er@Al exhibited a higher effective ionic conductivity of 0.10 mS cm™!
compared to 0.05 mS em ! of HBC/ALC.C (Fig. 3d)[47]. In addition, the
electronic conductivity increased from 5.44 to 9.29 mS cm L. This trend
aligns with the EBAC analysis (Fig. 2¢—f) and electrode resistance results
(Table S4), demonstrating the balanced ionic conductivity and increased
electronic conductivity of the composite cathode. The configuration of
the pellet used for each CA measurement is shown in Fig. 3d. An
electron-blocking cell was prepared for ionic conductivity measure-
ments, and an ion-blocking cell was prepared for electronic conductivity
measurements. Similar to the cathode half cells, anode half cells with Cu
C.C and primer@Cu were also evaluated for electrochemical perfor-
mance in the voltage range of 0.01-1.5 V (Li*/Li) (Figure S13a and b),
with the first cycle serving as the formation cycle at 0.05C (1 C =
372 mA g 1). The primer@Cu electrode exhibited an initial capacity of
361.8 mAh g™, higher than 341.0 mAh g 'for Cu C.C. In addition,
primer@Cu exhibited 86.3 % capacity retention after 50 cycles (0.1 C)
compared to 79.3 % for Cu C.C. Similar to the cathode, the GITT results
of primer@Cu reveal a larger contact area (62.0 %) between the AM and
SSE compared to Cu C.C (47.8 %) (Figure S13c). In addition, corre-
sponding ionic and electronic conductivities for primer@Cu were
significantly higher (0.10 and 118.98 mS cm ™%, respectively) than for Cu
C.C (0.08 and 55.30 mS cm’l, respectively) (Figure S13d). These results
demonstrate that improving the interfacial adhesion between the elec-
trode and current collector and controlling the electrochemically inac-
tive material content (binder content) are effective strategies for
excellent cell performance. Reducing the binder content also affects
mechanical properties of the electrode. In contrast to the relatively hard
property of SSE, the polymer binder has relatively elastic properties.
Therefore, it was expected that the electrode would become slightly
harder when the binder content was reduced, but the actual analysis
reveals that reducing the binder content decreases the Young’s Modulus
of the electrode (Fig. 3e and f), with values of 31.6 GPa for pristine
film@Al C.C and 23.8 GPa for LBC film@primer@Al. To increase the
reliability of the nano-indentation analysis, simpler electrodes contain-
ing only LPSCl and NBR, rather than the composite electrode, were used
[48-50]. The pristine film comprised of 98.5 % LPSCl and 1.5 % NBR,
and the LBC film comprised of 98.5 % LPSCl and 0.2 % NBR. While
polymeric binders contribute to the cycle performance, they also dete-
riorate the electrochemical performance and energy density[51-53].
Therefore, minimizing binder content is crucial, especially for
slurry-casting methods. In addition, many studies have demonstrated
that fluctuating elastic modulus is not an appropriate indicator of elec-
trochemical performance[48,54,55]. Overall, achieving appropriate
binder content and elastic modulus is crucial, and they should be opti-
mized through electrochemical evaluation. Although further studies are
needed, our findings suggest that reducing binder content and elastic
modulus in the primer system does not compromise mechanical integ-
rity. In fact, we hypothesize that reduced binder content may help
alleviate the stress induced by repeated lithiation and delithiation cycles
or, at the very least, does not have a fatal effect on the macroscopic
cracks of the composite electrode (Figure S14). Finally, He gas Pycn-
ometry was conducted to observe the changes in porosity depending on
the binder content. The analysis results are presented in Table S5.
Although porosity analysis using He gas pycnometer is not highly pre-
cise due to errors caused by closed pores, it was performed for relative
comparison between electrodes. A pellet containing the active material,
LPSCl, carbon conductive additive, and binder was prepared for the
analysis, and the detailed pellet fabrication process can be found in the
material characterization. The analysis results indicate that the
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difference in porosity depending on the binder content is minimal. It was
expected that Li-ion conduction issues caused by porosity differences
would not be significant, confirming that only the binder content, which
acts as an insulator within the electrode, is crucial. As previously noted,
we believe that the development to continuously reduce the binder
content is crucial for improving the electrochemical performance of
large-scale ASSBs[52].

3.4. 3D electrode modeling & conduction simulation

To investigate the effects of introducing the primer system into
electrodes and the changes in ionic and electronic conductivity resulting
from reduced binder content in composite electrodes, we conducted
digital twin simulations. We analyzed the impact of the primer system
and binder content on both cathode and anode, confirming the mecha-
nisms behind the improvements in electrochemical performance. The
results for the cathode are presented in the main text, while the results
for the anode are provided in the supplementary material. The 3D model
of the designed composite cathode electrode is shown in Fig. 4a. In other
words, we confirmed that the best electrochemical properties were
achieved when the primer layer was introduced, and the binder content
was reduced. We believe this is because the primer layer primarily en-
hances electronic conductivity, while the reduction in binder content
mainly improves ionic conductivity. To validate this, we designed three
different models like; 1. A high binder content electrode on a pristine
current collector (HBC), 2. A high binder content electrode on a primer
layer (HBC/primer), and 3. A low binder content electrode on a primer
layer (LBC/primer). The electrode components include active material,
S-LPSCI, and a carbon-binder composite domain (CBD) consisting of
Super P and binder. Since Super P has a significantly smaller volume
compared to the active material and S-LPSCl, it was modeled as a
composite with the binder. Fig. 4b presents a 2D cross-sectional image of
the interface between the composite electrode layer and the current
collector. When the primer layer is present, the active material pene-
trates deeper into the Al current collector, which was simulated using
particle stochastic generation. Using the 3D model, we conducted elec-
tronic and ionic conductivity simulations based on Ohm’s Law. The
applied boundary conditions were set to 1-0 V (Fig. 4¢). The mapping of
the electron current density obtained from the simulations is shown in
Fig. 4d. When the primer layer is absent, the contact area between the
composite electrode layer and the current collector is relatively small,
leading to current crowding at localized contact points. This current
concentration contributes to an increase in resistance, as evidenced by
the potential distribution within the electrode (Fig. 4e). As shown in
Fig. 4e, in the HBC/AI C.C. system without a primer layer, the potential
drops sharply near the interface with the current collector (normalized
thickness = 0) due to high resistance. These results indicate that the
improvement in electronic conductivity resulting from the primer layer
is attributed to the mitigation of current crowding at the interface, and
that binder content reduction further enhances electronic conductivity.
Next, the mapping of ionic current density is shown in Fig. 4f. While the
primer layer does not significantly enhance ionic conductivity, reducing
binder content results in more intimate interfacial contact between S-
LPSCI particles, creating more ionic conduction pathways that were
previously blocked. Consequently, the ionic current density increases.
The diversification of ionic conduction pathways is illustrated in Fig. 4g,
confirming the improved ionic conductivity in LBC/Primer@Al. The 3D
modeling and simulation results for the anode are presented in
Figure S15. Similar to the cathode, the application of the primer layer
and reduction of binder content improved both electronic and ionic
conductivity. However, in the anode, the enhancement in electronic
conductivity due to the primer layer was more pronounced than in the
cathode. This can be attributed to the intrinsic properties of graphite,
which has a larger particle size and higher electronic conductivity
compared to NCM82, making the contact improvement effect of the
primer layer more significant. To further understand and visualize the
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impact of primer layer introduction and binder content reduction on possible, some simplifications of complex electrode structures were
electrochemical performance, 3D modeling and simulations were con- inevitable. However, the enhanced contact area between the composite
ducted. While the morphological relationships among electrode com- electrode layer and the current collector due to the primer layer was
ponents (e.g., active material shape, primer layer induced contact clearly visualized, along with the diversification of ionic conduction
changes, concave binder structures) were incorporated as accurately as pathways resulting from binder content adjustment. Ultimately, these
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findings elucidate the fundamental mechanisms behind the improve-
ment in battery performance through enhanced effective electronic and
ionic conductivity

3.5. Primer layer as passivation layer

Fig. 5 highlights the primer layer’s effectiveness in preventing
corrosion. Traditionally, Cu C.C has been used as an anode current
collector due to its low cost and ease of processing; however, its sus-
ceptibility to corrosion due to reactions with sulfide poses a major
limitation [56].

In this study, two well-established reaction mechanisms between Cu
and sulfides were analyzed to observe the effect of primer layer, and
analyzed the passivation effect. The first reaction is a corrosion process
triggered by HjS generation from the reaction between air moisture and
sulfidle—a well-known process[41]. The second reaction involves
corrosion caused by an electrochemical reaction resulting from direct
contact with an SSE[57]. The primer layer effectively prevents corrosion
in both cases. Fig. 5a—c presents the GIXRD results for Cu C.C before
corrosion, Cu C.C and primer@Cu exposed to HyS, and Cu C.C and
primer@Cu after galvanostatic cycling, respectively. There may be dif-
ferences in the intensity due to the preferential orientation of the
specimen surface[58]. Therefore, we focused on identifying the posi-
tions of the side-reaction peaks rather than performing accurate phase
analysis through library matching. When Cu C.C was exposed to HsS,
multiple side-reaction peaks appeared except those associated with Cu,
indicating significant corrosion. In contrast, primer@Cu exhibited no
peaks other than those associated with Cu. In addition, after galvano-
static cycling, we confirmed that the side reactions were suppressed in
primer@Cu, whereas Cu C.C showed corrosion due to the electro-
chemical side reactions. These results align with prior studies and
demonstrate the primer layer’s role as a passivation barrier on the
current collector, preventing Cu corrosion from both HyS and
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SSE-induced reactions[59]. Additional analyses were conducted to more
clearly determine whether Cu C.C corrodes before and after cycling and,
if so, whether the primer layer can prevent corrosion. FIB was used to
perform cross-sectional milling and line profiling on the electrodes
before and after cycling. In the case of LBC/primer@Cu, a 2um thick
primer layer was observed on the surface both before and after cycling
(Figure S16a and b). Before cycling, Cu corrosion at the surface was
negligible and undetectable. After cycling, Sulfur was detected within
the primer layer, but it did not penetrate through the layer to reach the
Cu C.C. In contrast, for Cu C.C, Cu corrosion was observed on the surface
immediately after electrode fabrication using the sulfide solid electro-
lyte, even before cycling. After cycling, this corrosion effect became
more pronounced, progressively penetrating deeper into the Cu layer
(Figure S16c and d). The analysis was conducted after 50 cycles, and
while variations may exist depending on the specific cell, the corrosion
depth increased from 0.2 pm before cycling to 0.4 pm after cycling,
doubling in depth. These results demonstrate that the introduction of the
primer layer not only enhances electrochemical performance by facili-
tating uniform current distribution but also mitigates current collector
damage caused by direct contact with the sulfide solid electrolyte and
associated electrochemical side reactions. Fig. 5d-g shows the ToF-SIMS
results to observe the Cu/S side reactions before and after pouch-type
full-cell fabrication and cycling. The fabrication processes of all elec-
trodes were performed in an Ar-filled glove box, and the subsequent
electrode cutting, tap welding, and sealing were performed in a dry
room. Fig. 5d and e show electrodes being exposed to air containing
moisture for approximately 60 min prior to sealing. Fig. 5f and g show
the electrodes obtained from a pouch-type full cell operated for an
additional 100 cycles. The ToF-SIMS results confirm the reaction be-
tween Cu and S on the Cu C.C surface, consistent with the GIXRD results
and unrelated to the electrochemical tests (Fig. 5d). In addition, the
surface reactions between Cu and S intensified after cycling (Fig. 5f).
Consistent with the GIXRD results, the primer layer significantly
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suppressed Cu corrosion caused by HsS (Fig. 5e), confirming its ability
to physically block H,S gas and mitigate corrosion. In addition, the re-
action between Cu and S was significantly alleviated after cycling,
emphasizing the importance of preventing the initial side reactions be-
tween Cu and S (Fig. 58). Therefore, the primer layer can suppress side
reactions on the Cu surface in a dry room environment, even after
long-term cycling, thereby maintaining the electronic conductivity
while preventing degradation of adhesion with the electrode. In the
commercial manufacture of sulfide-based ASSBs, where slurry casting
and drying of the electrode are conducted in dry room environments,
side reactions between Cu and S pose significant challenges. To address
these challenges, passivation layers, like the proposed primer layer, will
be crucial.

3.6. Pouch-type full-cell test

We fabricated a pouch-type full cell by coupling the electrodes pre-
viously evaluated as half cells. The results are presented in Fig. 6. The
full cell combining primer@Al and primer@Cu (primer full cell)
exhibited a discharge capacity of 201.7 mAh g~ " in the first cycle, which
was approximately 10 % higher than that of the full cell without primers
(uncoated full cell, 182.0 mAh g’l) (Fig. 6a). Additionally, the initial
Coulombic efficiency was significantly improved, increasing from
75.6 % to 80.3 %. Furthermore, under room temperature conditions
without external pressure, the primer full cell exhibited 80.7 % capacity
retention after 100 cycles. In contrast, the uncoated full cell showed only
64.8 % capacity retention (Fig. 6b). The superior discharge capacity and
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cyclability is attributed to the primer layer’s ability to effectively elim-
inate insulating regions within the composite electrode, diversifying the
movement pathways for Li ions and electrons. High adhesion forces
between the current collector and electrode is another contributing
factor. This allowed for stable cycle retention even with severe volume
changes associated with high reversible capacity (Figure S14).

To investigate the impact of high-electronic-conductive graphite on
full cell operation, ToF-SIMS for image mapping was performed. The
results of this image mapping are presented in Figure S17. Given that
graphite has significantly higher electronic conductivity compared to
oxide-based cathode materials such as NCM, it can accelerate the elec-
trochemical decomposition of LPSCl. Therefore, an evaluation of the
interface behavior between graphite and LPSCI was conducted. The re-
sults revealed that LisP, Li-S, and LiCl were mainly formed as the anodic
solid electrolyte interphase (SEI) products, which are known to exhibit
relatively low impedance values[60]. This indicates that, compared to
P2Ss, which forms as the cathodic solid electrolyte interphase at high
voltage and has relatively high impedance values, the impedance
growing caused by using graphite in the full cell was not significant.
Fig. 6¢ and S18 shows the rate performance of each full cell. For the
primer full cell, high-rate performance was dramatically improved
despite the cell exhibiting the same ion conductivity as the SSE mem-
brane. In particular, at 1 C rate, the primer full cell achieved a reversible
capacity of 46.7 mAh g~!, which is significantly higher than the 2.26
mAh g reversible capacity exhibited by the uncoated full cell. These
results indicate that the optimization of electrode composition is
important for improving battery performance. Fig. 6d compares the
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specific capacity, cyclability, and areal capacity of the primer-applied
full cell with those reported in previous studies (Table S6) [48,52,
61-67]. Although there are differences in the battery operating condi-
tions, the full cell in the present study achieved an areal capacity of 3.4
mAh cm—? (0.05 C), 3.1 mAh cm 2 (0.1 C) while exhibiting excellent
specific capacity and cyclability. These findings are more relevant to the
commercialization of ASSBs as they were achieved under normal pres-
sure and temperature conditions.

4. Conclusion

This study demonstrated the significant improvement in the elec-
trochemical performance of a pouch-type full cell by introducing a
primer layer and optimizing the electrode configuration. First, the
primer layer effectively resolved the issue of insufficient adhesion force
between the electrode and current collector due to the limited selection
of organic solvents and polymeric binders. Subsequently, the improved
interfacial adhesion force allowed for a reduction in the content of the
insulating binder in the electrode, increasing the contact area between
the AM and SSE in the composite electrode, as well as between the SSE
particles. The increased contact area diversified Li-ion pathways,
thereby increasing the effective ionic and electronic conductivities of the
composite electrode. The reduced binder content in the electrode low-
ered the Young’s Modulus but did not cause mechanical damage to the
electrode; instead, it improved the electrochemical performance. Based
on these results, polymeric binders such as NBR and SBS, without special
functional groups, were found to be necessary only during the cell
fabrication process, and their presence in the electrode was determined
to have no positive effect on the electrochemical performance of ASSBs.
If a fabrication process capable of uniformly applying sufficient pressure
such as WIP is prepared, the reduced binder content has no adverse
effect on the long cycling stability. In addition, the improved contact
area between the activated active material and the solid electrolyte due
to the reduced binder content showed a positive effect on not only the
discharge capacity but also the cyclability. The primer layer prevents
electrode delamination, ensuring long-term operation of the pouch-type
full cell even under no external pressure. It also improves the cycle life
performance by suppressing the chemical and electrochemical side re-
actions between Cu and sulfides. The proposed primer system provides a
practical solution for the fabrication of large-scale commercial sulfide-
based ASSBs, particularly those fabricated in dry room conditions. In
this study, we propose that the current collector design and electrode
composition is important for the practical performance of pouch-type
full cells at normal pressures and temperatures, unlike the laboratory-
scale small-sized cells that operate under high stack pressures and
elevated temperatures.
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