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A B S T R A C T

Sulfide-based all-solid-state lithium batteries offer greater safety and higher energy density than lithium-ion 
batteries. An appropriate polymer binder for composite cathodes must be selected to ensure stable interfacial 
contact and minimize electrical resistance. Polytetrafluoroethylene (PTFE) binders, commonly used in solvent- 
free dry processes, undergo fibrillation under shear force to bind the cathode components. However, insuffi-
cient fibrillation and aggregation can compromise the mechanical and electrical integrity of the composite 
cathode, deteriorating cycling performance. In this study, we investigated the effect of PTFE molecular weight 
(MW) on the fibrillation behavior of the binder in composite cathodes. High-MW PTFE exhibited superior 
fibrillation and cohesion of the cathode components, enhanced mechanical properties, and reduced internal 
resistance. Consequently, the Li-In/Li6PS5Cl/LiNi0.82Co0.10Mn0.08O2 cell employing highly fibrillated PTFE 
achieved a high discharge capacity of 209.7 mAh g− 1 (4.72 mAh cm− 2) at 0.05 C and good capacity retention of 
97.4 % after 300 cycles at 30 ◦C and a rate of 0.5 C.

1. Introduction

The continuous advancement and widespread adoption of mobile 
electronics and electric vehicles have significantly increased the demand 
for lithium-ion batteries (LIBs) [1–3]. However, LIBs with flammable 
liquid electrolytes face challenges in increasing the energy density and 
pose inherent safety risks, including thermal runaway [4–6]. In this 
respect, all-solid-state lithium batteries (ASSLBs) have attracted signif-
icant attention because of their enhanced safety and higher energy 
density compared to conventional LIBs [7–10]. Among various solid 
electrolyte systems, sulfide electrolytes are particularly promising due to 
their high ambient-temperature ionic conductivities and favorable pro-
cessability, enabling large-scale battery production [11–15]. However, 
to successfully develop ASSLBs using sulfide-based solid electrolytes, 
several technical challenges must be overcome [16,17]. One critical 
aspect is the fabrication of composite cathodes, which can be achieved 
using either the wet slurry or solvent-free dry process. Compared to the 
wet process, the dry process uses no organic solvents that cause side 
reactions with sulfide electrolytes. This helps maintain the high ionic 
conductivity of solid electrolytes within the composite cathode and also 
enables the fabrication of composite electrodes with high active mass 

loading [18–21]. Additionally, the dry process is compatible with 
existing roll-to-roll production techniques, making it advantageous for 
large-scale manufacturing [22]. In dry processes, polytetrafluoro-
ethylene (PTFE), which undergoes fibrillation under shear stress, is 
commonly used to fabricate composite cathodes [19,20,23]. The strong 
electronegativity difference in the C–F bonds of PTFE weakens the van 
der Waals interactions between the polymer chains. Consequently, 
under an applied shear force, the polymer chains are pulled apart 
readily, forming PTFE fibers [24]. Networks of these fibers in the com-
posite cathode help maintain interfacial contact between the cathode 
components during repeated cycling. However, insufficient fibrillation 
or aggregation of the polymer binder can deteriorate the mechanical and 
electrochemical properties of composite cathodes. Although some 
studies have investigated the cycling performance of PTFE-based cell in 
relation to physicochemical properties of PTFE, such as crystallinity and 
particle size [25,26], few studies have explored the effect of PTFE 
fibrillation on the mechanical and cycling performance of composite 
cathodes for ASSLBs. Lee et al. reported that LiNi0.8Mn0.1Co0.1O2 com-
posite cathode using crystalline PTFE exhibited improved cycling and 
rate performance in ASSLBs, as the highly crystalline PTFE provided 
robust mechanical properties to the composite cathode [25]. The effect 
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of PTFE particle size has also been investigated to reduce resistance and 
achieve a more uniform distribution. Adjusting the PTFE particle size to 
a few micrometers enhanced both ionic and electronic conductivities by 
minimizing the contribution of insulating components within the com-
posite cathode [26].

In this study, we present a comprehensive study of dry-processed 
composite cathodes using PTFE for ASSLBs, with a particular focus on 
the degree of PTFE fibrillation. For this purpose, we fabricated com-
posite cathodes using three types of PTFE and found that the molecular 
weight (MW) is a critical factor influencing fibrillation. High-MW PTFE 
exhibited greater fibrillation and a more uniform distribution within the 
composite cathode. Consequently, the composite cathodes incorporating 
high-MW PTFE demonstrated lower electrical resistances and superior 
mechanical properties than those using low-MW PTFE. The all-solid- 
state cell employing Li6PS5Cl as the solid electrolyte and LiNi0.82-

Co0.10Mn0.08O2 as the composite cathode with high-MW PTFE delivered 
a high discharge capacity of 209.7 mAh g− 1 at 0.05 C and exhibited a 
good capacity retention of 97.4 % after 300 cycles at 0.5 C and 30 ◦C. 
Our study provides valuable guidance for the selection of an appropriate 
binder to achieve good mechanical and electrochemical properties in 
dry-processed composite cathodes, thereby contributing to the devel-
opment of high-performance sulfide-based ASSLBs.

2. Material and methods

2.1. Materials

Two types of Li6PS5Cl (LPSCl, D50 = 1 and 3 μm) were purchased 
from POSCO JK Solid Solution Co., Ltd. The 3-μm LPSCl powder was 
used to make the solid electrolyte pellets, and the 1-μm LPSCl particles 
were employed to fabricate the composite cathodes. LiNi0.82-

Co0.10Mn0.08O2 (NCM, D50 = 4 μm) was kindly supplied by L&F Co., Ltd. 
Three types of PTFE with different MWs were purchased from Sigma 
Aldrich, CNP Solutions, and Solvay and denoted as PTFE(L), PTFE(M), 
and PTFE(H), respectively, in the order of increasing MW. Super C was 
supplied by Timcal Co., Ltd. Li foil (200 μm, Honjo Metal) and In foil 
(100 μm, Nilaco) were used as anodes.

2.2. Electrode preparation and solid-state cell assembly

The dry mixture for preparing the composite cathode was prepared 
by mixing NCM, LPSCl, Super C, and PTFE with a ratio of 
80.0:17.5:1.5:1.0 by weight. The mixture was blended using a mortar 
and pestle at room temperature for 1 h. The resulting dough-like mixture 
was pressed using a roll-process machine (WCRP-1015HG) to induce 
PTFE fibrillation. The resulting freestanding composite cathode was 
shaped into a disc with a diameter of 13 mm. The composite cathode 
exhibited a specific NCM mass of 22.5 mg cm− 2. The all-solid-state cells 
were fabricated as follows: Initially, 150 mg of LPSCl powder was 
pelletized by cold pressing at 105 MPa in a 13 mm die made of poly 
(ether ether ketone). The composite cathode was then placed on an 
LPSCl pellet. Subsequently, they were pressed at 430 MPa. The anode 
was positioned on the side opposite the LPSCl pellet. Al and Ni foils were 
used as the current collectors for the cathode and anode, respectively. 
Finally, the cells were fabricated at a stack pressure of 70 MPa. Electrode 
fabrication and solid-state cell assembly were accomplished in an Ar 
atmosphere glove box (H2O, O2 < 0.1 ppm, MBRAUN).

2.3. Electrochemical measurements

The galvanostatic intermittent titration technique (GITT) was per-
formed at a current density of 2.25 mA cm− 2 using a WBCS 3000 
(WonATech) apparatus. The cell underwent repeated discharge pulses 
for 60 s, followed by 60 min rest until the potential decreased to 2.4 V. 
The active surface area of the cathode active material could be calcu-
lated using the equation (1) [27], 

DLi+ =
4
πτ

(
mNCM VM

MNCM S

)2(ΔEs

ΔEt

)2

(1) 

where DLi+ and τ indicate the diffusion coefficient of Li + ions and the 
pulse duration (60 s), respectively; mNCM, VM, and MNCM represent the 
mass loading, molar volume, and MW of the active material, respec-
tively; S is the active surface area of the active material; ΔEs and ΔEt 
denote the steady-state and the transient voltage changes, respectively. 
The direct-current internal resistance (DC-IR) was measured using the 
following procedure: First, the cell underwent a pre-conditioning cycle 
at 0.05C between 2.4 and 3.7 V. It was subsequently charged to 3.1 V 
and allowed to rest for 1 h. Next, charge and discharge pulses were 
applied at progressively increasing current rates for 10 s each, followed 
by a 20 min rest period. The alternating-current (AC) impedance of the 
stainless steel (SS)/composite cathode/SS cell was measured using an 
impedance analyzer over the frequency range of 10 mHz–1 MHz. The 
electronic and ionic conductivities of the composite cathodes were 
determined from the AC impedance spectra using a transmission line 
model [28]. For this analysis, the composite cathodes were fabricated 
using NCM, LPSCl, and PTFE binder, without the addition of Super C, to 
eliminate the influence of conductive carbon. The cycling performance 
of the cells was evaluated at 30 ◦C and 0.5 C. After subjecting the 
pre-conditioning cycle at 0.05 C, the cell was charged to 3.7 V at a 
constant current rate of 0.5 C, followed by a constant-voltage charge of 
3.7 V until the current decreased to 0.25 C. The cell was then discharged 
to 2.4 V at 0.5 C. Rate capability was assessed by increasing the current 
rate from 0.1 to 2.0 C.

2.4. Characterization

The chemical structure of PTFE was investigated by Fourier- 
transform infrared (FTIR) spectroscopy using a Nicolet iS50 spectrom-
eter. Differential scanning calorimetry (DSC; DSC25, TA Instruments) 
was performed between 0 and 370 ◦C at a heating and cooling rate of 
5 ◦C min− 1 to obtain the thermal properties of the PTFE binders. XRD 
patterns of PTFE were collected using a D8 ADVANCE (Bruker) 
diffractometer. The surface and cross-sectional structures of the PTFE 
membranes and composite cathodes were analyzed by field-emission 
scanning electron microscopy (FE-SEM; Verios G4UC). Time-of-flight 
secondary-ion mass spectrometry (TOF-SIMS) was performed using a 
TOF SIMS 5 system to analyze the distribution of PTFE fibers in the 
composite cathode, with an imaging area of 25 × 25 μm. The cohesive 
properties of the composite cathodes were examined using a surface and 
interfacial cutting analysis system (SAICAS, Daipla Wintes). Measure-
ments were conducted using a diamond blade with a width of 1 mm. The 
horizontal and vertical forces acting on the blade were measured at a 
speed of 2.0 μm s− 1. Nanoindentation analyses of the composite cath-
odes were conducted using a NanoTest Vantage platform with a 
maximum load of 1.0 mN. X-ray photoelectron spectroscopy (XPS) 
measurements were performed to investigate the chemical composition 
of the composite cathode after 300 cycles using a K-alpha+ spectrometer 
(Thermo Fisher Scientific). XPSPEAK41 software was used to fit all the 
spectra.

3. Results and discussion

The chemical structure of the PTFE used in this study was confirmed 
via FTIR spectroscopy. As shown in Fig. S1, all the PTFE binders exhibit 
dominant peaks at 1201 and 1150 cm− 1 corresponding to the –CF2– 
stretching vibration and at 637 cm− 1 related to the deformation vibra-
tion of the –CF2– segment, indicating that they have chemical structures 
identical to that of PTFE [29]. PTFE is insoluble in all solvents owing to 
its high chemical resistance derived from its extremely strong carbon-
–fluorine bonds. Therefore, determining the average MW of PTFE using 
gel permeation chromatography is difficult. Suwa et al. reported a 
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correlation between the heat of crystallization (ΔHc) determined by DSC 
and the number-average MW (Mn) [30]. They derived a useful equation 
for calculating the Mn of PTFE, which is applicable to the MW range of 
5.2 × 105 to 4.5 × 107 g mol− 1. During DSC analysis, the cooling rate 
should be kept constant to accurately estimate the MW, as the heat of 
crystallization is influenced by the cooling rate. The value of Mn can be 
calculated using Suwa’s equation, with ΔHc expressed in units of cal g− 1, 
as follows: 

Mn =
(
2.1×1010) ΔH-5.16

c (2) 

The thermal properties of PTFE were investigated using DSC to 
measure Mn using Suwa’s equation. The DSC thermograms in Fig. S2
show that all the PTFE samples exhibit melting and crystallization peaks 
at approximately 340 ◦C and 310 ◦C, respectively. Using Suwa’s equa-
tion, the Mn values of PTFE(L), PTFE(M), and PTFE(H) were determined 
to be 1.2 × 106, 1.8 × 106, and 3.2 × 106 g mol− 1, respectively. To 
validate these results, the XRD patterns of PTFE were obtained to 
compare the full width at half-maximum (FWHM) of the (100) crystal-
line peaks, because an increase in average MW correlates with an in-
crease in crystallite size [31]. In other words, the FWHM of PTFE 
decreases with increasing its average MW. From the XRD patterns shown 
in Fig. S3, the FWHM values for the (100) peaks in PTFE(L), PTFE(M), 
and PTFE(H) are estimated to be 0.414, 0.322, and 0.211, respectively, 
confirming that the average MW increased in the order of PTFE(L), PTFE 
(M), and PTFE(H).

The effect of MW on the degree of fibrillation was investigated using 
SEM [32]. For this purpose, LPSCl powder and PTFE were dry-mixed 
using a mortar and pestle for 30 min and roll-pressed to form a solid 
electrolyte sheet. The LPSCl powder is then selectively removed by 
dissolving the sheet in water, as schematically illustrated in Fig. 1a. As 
shown in Fig. 1b–1d, the SEM images of the fibrous PTFE membranes 
after the removal of LPSCl reveal quite different morphologies 

depending on the PTFE MW. The membrane with PTFE(L) exhibited a 
nonuniform morphology with irregular thickness and large agglomer-
ates. Although the PTFE(M) membrane exhibited a relatively uniform 
fibrous structure compared to the PTFE(L) membrane, the node-like 
clusters among the fibers resulted in the formation of discontinuous fi-
bers. The membrane prepared with PTFE(H) exhibited the most uniform 
fibrous morphology with few agglomerates, showing a network of 
thread-like fibers. It has been well known that the average MW controls 
the chain entanglement and chain length, which directly affects how the 
material behaves under mechanical stress. The higher the MW, the 
easier it is for PTFE to fibrillate because the chains are long enough to 
sustain and propagate fibril formation. Based on these results, the degree 
of fibrillation can be correlated with the MW of PTFE; that is, the larger 
the MW of PTFE, the higher the fibrillation, as schematically illustrated 
in Fig. 1e.

To further investigate the MW-based PTFE fibrillation in composite 
cathodes, SEM images of the composite cathodes with different PTFE 
binders were analyzed. As the MW of the PTFE increased, the binder 
formed thinner and more uniform fibers in the composite cathode 
(Fig. S4). In addition, TOF-SIMS analysis was carried out to examine the 
distribution of the PTFE binder in the composite cathode. The NiO2

− , Cl− , 
and F− maps in the cathodes are presented in Fig. 2. In these maps, the 
NiO2

− , Cl− , and F− signals originate from NCM, LPSCl, and PTFE, 
respectively. The homogeneous distribution of NiO2

− and Cl− in the 
composite cathode demonstrated the uniform dispersion of NCM and 
LPSCl regardless of the MW of the PTFE binder. However, the F− signal 
arising from PTFE showed different distributions depending on the MW 
of PTFE. PTFE with a lower MW tended to aggregate into thick fibers, 
whereas higher-MW PTFE was uniformly distributed within the com-
posite cathode. These results indicate that higher-MW PTFE was fibril-
lated more readily and was more uniformly distributed in the composite 
cathode without agglomeration, which are consistent with results in 

Fig. 1. (a) Preparation of solid electrolyte sheet by dry processing and removing LPSCl from the sheet to obtain the fibrous PTFE membrane. SEM images of fibrous 
PTFE membrane fabricated with (b) PTFE(L), (c) PTFE(M), and (d) PTFE(H). (e) Schematic illustrations comparing the degree of PTFE fibrillation according to 
its MW.
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Fig. 1.
SAICAS experiments were performed to compare the cohesive 

strengths of the composite cathodes with different PTFE binders [33,
34]. As shown in Fig. 3a, the horizontal and vertical forces are measured 
while cutting the middle of the composite cathode using a blade moving 
at a constant velocity. Fig. 3b and c show that the forces required to cut 
the composite cathode increase with the PTFE MW owing to the 
increased cohesive strength among the electrode components. Nano-
indentation tests were performed to evaluate the mechanical properties 
of the composite cathodes. As shown in Fig. S5, the composite cathode 
employing PTFE(H) exhibits the smallest penetration depth, indicating 
the best mechanical properties [35]. These results demonstrate that the 
composite cathode using high-MW PTFE exhibits the highest cohesive 
strength and best mechanical properties owing to the strong binding of 
the cathode components through the homogeneously spread PTFE 
fibers.

The electrochemical properties of the composite cathodes with 
different PTFE binders were characterized. The Li+ diffusion within the 
composite cathodes was investigated using the GITT technique [36,37]. 
During the experiment, the cell was discharged for 60 s at a current 
density of 0.5 C and rested for 60 min; the resulting voltage profiles and 
polarization curves from the GITT experiments are depicted in Fig. 4a. 
The cells featuring PTFE(H) clearly exhibited lower overpotential 
compared to the cells with PTFE(M) and PTFE(L). The relative active 
surface area of active material in the cathode was determined from the 
GITT results shown in Fig. 4b and Fig. S6, and the corresponding values 
are presented in Fig. 4c. The relative active surface area could be ob-
tained at the same state of charge to ensure a consistent Li+ diffusion 
coefficient within the same NCM material, using equation (1). When the 
surface area of the active material in the PTFE(L) cathode was set to 
1.0S, the corresponding values in the PTFE(M) and PTFE(H) cathodes 
were determined to be 1.61S and 1.83S, respectively, as shown in 
Table S1, indicating that the composite cathode employing PTFE(H) had 

the highest active surface area to facilitate the charge-transfer reaction. 
The electrical conductivities of the composite cathodes are determined 
from the electrochemical impedance spectra of the Li+-ion-blocking 
cells, as shown in Fig. S7 [28,38]. Fig. 4d shows the ionic and electronic 
conductivities obtained using the transmission line model. Clearly, the 
cathode employing PTFE(H) exhibited the highest ionic and electronic 
conductivities, ascribed to the uniformly distributed PTFE offering the 
least hindrance to charge transport. The internal resistance of the cells 
prepared with different PTFE contents was calculated from DC-IR 
measurements [39]. As shown in Fig. 4e and Fig. S8, the cell polariza-
tion increases with increasing current density from 0.025 to 1.0 C 
(0.11–4.5 mA cm− 2). The internal resistance of the cells is estimated 
from the slope of the current versus voltage plot in Fig. 4f. As expected, 
the internal resistance decreases with increasing PTFE MW owing to the 
higher electronic and ionic conductivities of the composite cathode, 
which is consistent with the results shown in Fig. 4c and d.

The cycling performance of the Li-In/LPSCl/NCM solid-state cells 
assembled with composite cathodes employing different PTFE binders 
was evaluated, and the results are presented in Fig. 5. The cells were 
initially pre-cycled at 0.05 C, followed by repeated cycling at 0.5 C and 
30 ◦C. Fig. 5a compares the charge and discharge curves of the initial 
pre-cycle at 0.05 C. The cell assembled with PTFE(H) achieved the 
highest discharge capacity of 209.7 mAh g− 1, corresponding to an areal 
capacity of 4.72 mAh cm− 2. The charge and discharge curves of the cells 
at 0.5 C are shown in Fig. 5b and Fig. S9. Among the three cells, the cell 
employing PTFE(L) experienced the largest increase in overpotential 
with cycling. These results can be attributed to poor interfacial contact 
owing to the weak binding property of the PTFE(L) binder and the side 
reactions between NCM and LPSCl caused by the poorly distributed 
PTFE(L) (Fig. 2) [40]. The cycling performance of the three cells is 
compared in Fig. 5c. The cells showed a large difference in the initial 
discharge capacity, which can be attributed to the previously discussed 
difference in the internal resistances of the composite cathodes. When 

Fig. 2. TOF-SIMS mapping images of NiO2
− , Cl− , and F− in the composite cathodes using different PTFE binders.
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considering cycling stability, the degree of fibrillation according to the 
PTFE MW affects capacity retention. The cells with composite cathodes 
employing PTFE(L), PTFE(M), and PTFE(H) exhibited capacity re-
tentions of 83.5 %, 89.3 %, and 97.4 %, respectively. Because each cell 
used the same solid electrolyte and anode material, the difference in 
capacity fading was mainly caused by the different degrees of deterio-
ration of interfacial contact among the cathode components (NCM, 
LPSCl, and conductive carbon) arising from the volume changes of NCM 
during repeated cycling [40,41]. Accordingly, these results imply that 
the uniformly dispersed PTFE fibers enabled stable cycling, maintained 
good interfacial contact, and withstood the mechanical stress of the 
active materials during cycling. We fabricated a composite cathode 
using poly(vinylidene fluoride) (PVDF) via a dry process. As shown in 
Fig. S10, the cell assembled with the PVDF-based composite cathode 
exhibited inferior cycling stability compared to the cell with PTFE-based 
cathodes. In the dry process, PVDF remains as small powdery particles 
without fibril formation. As a result, PVDF provides much weaker 
cohesion, as it cannot form an interconnected network. Instead, it just 
sticks here and there between cathode components, not wrapping 
around them, leading to poor mechanical integrity and degraded elec-
trochemical performance. The rate performance of the cells with 
different PTFE binders was evaluated by varying the current rates from 
0.1 to 2.0 C. The discharge curves for the cells at different C rates are 
presented in Fig. 5d and Fig. S11, and their rate capabilities are shown in 
Fig. 5e. As expected from the results shown in Fig. 5c, the cell featuring 
PTFE(H) exhibits the best high-rate performance. Above the 2.0 C rate, it 
was difficult to evaluate the effect of PTFE MW on the rate performance 
of the cell. In our study, the solid electrolyte pellet was fabricated with a 
thickness of 750 μm, because the solid electrolyte was too brittle to 
prepare a thinner pellet. To achieve high discharge capacities at higher 

current rates, it is essential to reduce the thickness of the solid electro-
lyte pellet, as it directly impacts the internal resistance of the cell. Based 
on these results, the composite cathode with PTFE(H) demonstrated the 
best mechanical and electrochemical properties compared to those with 
PTFE(L) and PTFE(M) because of the high fibrillation of the binder, 
which resulted in superior cycling performance considering cycling 
stability and rate performance.

To explore the effect of the PTFE MW on the interfacial contact 
within the composite cathodes, cross-sectional SEM images of the 
cathodes were obtained before and after 300 cycles (Fig. S12 and Fig. 6). 
As shown in Fig. S12, all the composite cathodes showed good interfa-
cial contact between NCM and LPSCl, with no noticeable porosity or 
interfacial voids. However, after cycling, a noticeable difference in the 
interfacial contact between NCM and LPSCl was observed to depend on 
the MW of the PTFE used in the composite cathode. The cathode using 
PTFE(L) revealed numerous large voids induced by the volume change 
of NCM, whereas the cathode employing PTFE(H) maintained good 
interfacial contact after cycling because of its strong binding and 
cohesive properties. These results suggest that void formation after 
cycling is closely related to the mechanical properties of the composite 
cathode, particularly its resistance to the volume changes of NCM, as 
confirmed from the SAICAS and nanoindentation results. These findings 
demonstrate that the PTFE(H)-based composite cathode possesses su-
perior cohesive strength and mechanical robustness against external 
forces, leading to improved interfacial stability. The voids between NCM 
and LPSCl disconnected the pathways for Li+ ion transport, leading to an 
increase of internal resistance and gradual capacity loss of the cell.

The chemical decomposition of LPSCl in the composite cathodes was 
analyzed by XPS. Fig. 7 shows the XPS spectra of the cathodes with 
different PTFE after 300 cycles. In the XPS spectra shown in Fig. 7a and 

Fig. 3. (a) Schematic illustration of the SAICAS experiment. (b) Horizontal and (c) vertical cutting forces measured for composite cathodes containing PTFE(L), PTFE 
(M), and PTFE(H).
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b, peaks for P–Sn–P, SO3
2− , and PO3

2− can be observed, which arise from 
the oxidative decomposition of LPSCl [42,43]. The peak corresponding 
to P–Sn–P appeared at 163.5 and 132.9 eV in the S 2p and P 2p spectra, 
respectively. The SO3

2− peak was observed at 167.1 eV in the S 2p 
spectrum, and the PO3

2− peak was found at 134.0 eV in the P 2p spectrum 
[44–46]. The intensity ratio of each component is plotted in Fig. 7c to 
compare the degree of the anodic decomposition of LPSCl. The relative 
amounts of oxidation products such as P–Sn–P, SO3

2− , and PO3
2−

increased as the PTFE MW decreased. As mentioned previously, PTFE 
with higher MW tended to form uniform and thin fibers within the 
composite cathode. Accordingly, the cell utilizing the composite cathode 
with high-MW PTFE exhibited low internal resistance and polarization. 
Such low polarization of the cell mitigated the oxidative decomposition 
of LPSCl at high voltages [47], which can be attributed to the superior 

cycling performance of the cell featuring high-MW PTFE. Our results 
demonstrate that the use of high-MW PTFE with high fibrillation in the 
composite cathode significantly enhances the cycling performance of 
sulfide-based ASSLBs. Based on the above results, the fibrillation of 
high-MW PTFE during large-scale dry mixing and roll-to-roll processing 
is essential for forming the mechanical network that binds the electrode, 
preventing fractures during bending or compression. In these processes, 
controlled fibrillation is necessary to achieve uniform mechanical 
properties within the composite electrode, stable adhesion to current 
collectors, and good flexibility and durability during winding or stack-
ing. Therefore, a high degree of fibrillation is critical to ensure the 
scalability and reproducibility of electrode production.

Fig. 4. (a) Voltage profiles and polarization plots of the ASSLBs with PTFE with different MWs. (b) Potential response of the cell with the cathode using PTFE(H) and 
(c) relative active surface area of the NMC in the composite cathodes. (d) Electrical conductivities of the composite cathodes. (e) Voltage response of the cell with 
PTFE(H) during the DC-IR experiment. (f) Current vs. voltage of the cells assembled using PTFE with different MWs.
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4. Conclusions

In this study, we prepared composite cathodes for ASSLBs using PTFE 
binders with different MWs. As the MW of the PTFE binder increased, 
the binder in the composite cathode formed thinner and more uniform 
fibers with more effective binding of the cathode components. Conse-
quently, the composite cathode with the high-MW PTFE exhibited su-
perior mechanical properties and low internal resistance. The all-solid- 
state Li-In/LPSCl/NCM cell with high-MW PTFE delivered a high 
discharge capacity of 209.7 mAh g− 1 at 0.05 C and NCM mass loading of 
22.5 mg cm− 2 (areal capacity: 4.72 mAh cm− 2) and revealed high 
cycling stability with a capacity retention of 97.4 % after 300 cycles at 

0.5 C and 30 ◦C. Our results demonstrate that the use of high-MW PTFE 
in composite cathodes is beneficial for achieving good cycling perfor-
mance in sulfide-based ASSLBs.
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at 0.5 C. (c) Cycling performance of the cells with different PTFE binders at 0.5 C. (d) First discharge curves of the cell with PTFE(H) at various current rates. (e) Rate 
capability of the cells. All tests are conducted at 30 ◦C.
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Fig. 6. Cross-sectional SEM images of the composite cathodes prepared with (a) PTFE(L), (b) PTFE(M), and (c) PTFE(H) after 300 cycles at 0.5 C and 30 ◦C.

Fig. 7. XPS (a) S 2p and (b) P 2p spectra of the composite cathode using different PTFE after 300 cycles. (c) Intensity ratio of each component in the S 2p and P 
2p spectra.
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