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2D Graphene-Like Carbon Coated Solid Electrolyte for
Reducing Inhomogeneous Reactions of All-Solid-State
Batteries

Hyeon-Ji Shin, Jun-Tae Kim, Daseul Han, Hyung-Seok Kim, Kyung Yoon Chung,
Junyoung Mun, Jongsoon Kim, Kyung-Wan Nam, and Hun-Gi Jung*

Recent studies have identified an imbalance between the electronic and ionic
conductivities as the drivers of inhomogeneous reactions in composite
cathodes, which cause the rapid degradation of all-solid-state battery (ASSB).
To mitigate localized overcharge and utilize isolated active materials, the
study proposes the coating of an argyrodite-type LicPS;Cl solid electrolyte (SE)
with graphene-like carbon (GLC@LPSCI), a 2D conductive material, to offer a
continuous three-dimensionally connected electron pathway within the
composite cathode to facilitate ion mobility and promote homogeneous
reactions. Despite reducing the content of the conducting agent, it is
observed that the GLC@LPSCI cell exhibits high initial Coulombic efficiency
and discharge capacity, reducing the inhomogeneous reactivity after 200
cycles compared with when ordinary conductive agents are deployed.
Additionally, the presence of GLC@LPSCI surface suppresses the interfacial
reaction between SE—cathode material, thus imparting the cell with excellent
capacity retention (~90%) after 200 cycles. Furthermore, the cell performance
improves even after a fourfold increase in the cathode loading amount,
demonstrating the criticality of a well-developed continuous electron pathway
to cell performance and highlighting the key role of ensuring a balance
between the electron and ion conductivities in the development of
high-energy-density and high-power ASSBs.

1. Introduction

As part of efforts to address climate
change, the development of Li secondary
batteries with high-energy densities and
high power that can facilitate the transi-
tion from internal combustion engines
to electrified vehicles has become the
focus of most studies in the last decades.
Recently, all-solid-state batteries (ASSBs)
were rapidly developed to circumvent the
existing safety issues of batteries, such
as explosions and fires.['?] Additionally,
among various solid electrolytes (SEs) for
ASSBs, sulfide-based SEs exhibiting high
Li-ion conductivity are advantageous, as
they can increase the energy density;
thus, they have efficiently improved
the performances of ASSBs over the
past few years.3! By applying Ni-rich
LiNi,Mn,C, ., O, (x > 0.6) cathode ac-
tive materials (CAM) to sulfide-based
ASSBs and improving the cell manu-
facturing technology for p-Si, Li metal,
or anode-free systems, researchers
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have developed high-capacity batteries of >5 mAh cm=2.67]
Moreover, the commercialization of ASSBs has been significantly
boosted by the advancements in the manufacturing technologies
for large-area electrodes as well as the introduction of pouch-type
cells.

To suppress interfacial degradation, which increases cell
resistance or degrades cell performance, the performances
of ASSBs have been improved by optimizing the materials
deployed in each component. First, regarding the SE-Li metal
anode interface, a high-performance all-solid-state lithium metal
battery was developed by stabilizing the SE-Li metal interface. In
addition to a pore-filling SE, a composite SE, compounded from
polyvinylidene fluoride with materials such as sodium doped
LiFePO, or Li,Ti;O,,, were effectively suppressed Li dendrite
growth and minimized interfacial resistance.l®-1% Representative
approaches include coating the surface of CAM with an ionic
conductive layer or a bandgap-alleviating layer or introducing a
doped or substituted SE with superior ionic conductivity.[!'-18]
Recent studies have analyzed and elucidated the material and
macroscopic issues of ASSBs, such as inhomogeneous reactions
within composite electrodes.l'**] These inhomogeneous reac-
tions due to loosely contacting and isolated active materials have
been confirmed by transmission X-ray microscopy with X-ray
absorption near-edge structures (TXM-XANES).[?] Additionally,
3D operando computed tomography—XANES and in situ trans-
mission electron microscopy (TEM) have revealed that slow ion
transport via active material particles, particularly slow diffusion
through CAM nanocrystal boundaries, significantly restricts Li
conductivity, resulting in inhomogeneous reactions.[?*??] Thus,
the inhomogeneous reactions within the composite electrode
decrease the capacity and rate capabilities of ASSBs, facilitat-
ing local overcharge—discharge and ultimately degrading cell
performance.

In the absence of a solution to the inhomogeneous reactions
within electrodes, the capacity and lifespan degradation issues
become more severe when thickening the electrode for high-
energy-density batteries.?1?>2] [nhomogeneous reactions have
been studied in liquid-electrolyte-based Li-ion batteries. They are
caused by an imbalance between the electronic and ionic con-
ductivities of batteries owing to inhomogeneous and insufficient
charge transfers. Thus, the phenomenon can cause more se-
vere performance degradation, especially in thick electrode.2728]
Therefore, to improve the electronic—ionic conductivity bal-
ance of batteries, different dimensions of carbon, such as car-
bon nanotubes (one-dimensional, 1D) and graphene (Gr, 2D),
have been mixed to generate well-developed electron-percolating
pathways.[223% Additionally, the electrochemical properties of
these batteries have been improved by applying conformal Gr
coatings to CAM via the Pickering emulsion method, thus in-
creasing the CAM content to more than 98% and improving
the volumetric and specific-capacity limits.3!] Regarding ASSBs,
their inhomogeneous reactivity becomes very noticeable when
their electrodes are thickened to produce high-energy-density
and high-power-density batteries; as with other batteries, this sig-
nificant reactivity rapidly degrades the cell performance. There-
fore, facilitating adequate Li-ion diffusion within composite elec-
trodes and providing sufficient electron-transfer pathways can
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improve the cell performance and inhibit inhomogeneous reac-
tions electrodes.

To facilitate sufficient ion transport even at high current den-
sity, an appropriate amount of a conductive agent must be ap-
plied and homogeneously distributed. In most electrode man-
ufacturing processes, carbon materials are added as conductive
agents to generate an electron-mobility pathway. As carbon ex-
hibits very low density and high volumetric properties, only small
amounts are required to facilitate sufficient charge transfer in
the composite cathode. Sulfide-based ASSBs typically deploy OD-
type carbon black, such as Super P, Super C65, and acetylene
black, and 1D-type carbon nanofibers or vapor-grown carbon
fibers (VGCFs).[3%] Unfortunately, 0D carbons cannot readily
form continuous pathways with solid—solid point contact and 1D
carbons tangle with each other, complicating their physical uni-
form dispersion. Additionally, studies have revealed that the pres-
ence of ordinary carbon conductive agents in composite cathodes
majorly causes an increase in interfacial resistance by promot-
ing undesirable side reactions, such as SE decomposition.3*3¢]
Therefore, their addition is not an ideal strategy for simply in-
creasing the carbon content toward improving electronic conduc-
tivity. Park et al. recently reported that carbon accelerates SE de-
composition because of the presence of an O-containing func-
tional group on amorphous carbon surfaces.[**] They demon-
strated that removing the functional groups as well as changing
the carbon black surface into a few-layered graphitic carbon by
a simple heat treatment at 1200 °C improved the initial capac-
ity and cycling characteristics by suppressing the CAM-SE side
reaction.

Although the suppression of interfacial degradation is key to
improving the energy density and electrochemical properties of
sulfide-based ASSBs, mitigating their inhomogeneous reactiv-
ity may be more crucial. Thus, this study focuses on the im-
provement of ASSB performance by simultaneously enhancing
the electron-transfer characteristics of the battery and suppress-
ing interfacial side reactions within the composite cathode using
graphitic carbon. We attempted to resolve the inhomogeneous
reactivity of the battery, which might be severe in thick-film elec-
trodes as an approach for improving the electron-transfer path-
way within the composite cathode. Concurrently, we applied a
graphene-like carbon (GLC), as a conductive agent to suppress
interfacial side reactions, ultimately improving the capacity, rate
capability, and cycling characteristics of the battery. Generally, SE
is placed around the CAM regarding material distribution within
the composite cathode. Therefore, coating the SE with a 2D con-
ductive material (e.g., GLC) is a rational approach to facilitat-
ing the homogeneous and smooth transfer of electrons within
the composite cathode. Here, we optimized the coating process
of GLC nanopowder (GNP) on an argyrodite-type Li;PS;Cl (LP-
SCl) SE in a simple and effective solvent-based environment,
thereby enhancing the initial capacity and rate capability via the
dispersed conductive agent, which generated a continuous elec-
tron pathway. Additionally, the inhomogeneous reaction was in-
hibited after 200 cycles via the mitigation of the local overcharge—
discharge; the interfacial resistance was reduced by suppressing
direct solid (SE)-solid (CAM) contact, thereby preventing SE ox-
idation. Overall, this study reveals that ASSB operated well with
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Figure 1. SEM images of the commercial GNP a) before and b) after sonication. ¢) Normalized XPS spectra of the C Ts signals of ordinary conductive
agents and GNP. d) XRD results of the LPSCI phase based on solvent exposure. €) OM-analysis-based comparison of the GNP dispersion based on the

ACN:XYL ratio.

high CAM loading for high-energy-density functions even after
modifying only the charge-transfer path within the composite
electrode.

2. Results and Discussion

2.1. Optimization of the Coating Process of Graphene
Nanopowders on the Argyrodite-Type LizPS;Cl Solid Electrolyte

Gr is a 2D carbon type exhibiting excellent electronic conductiv-
ity, lightweight, and high strength; it can be used as a conductive
agent for electrochemical energy storage devices.[*’) However, the
direct application of commercially available Gr to the coating is
challenging because they exist as thick layers induced by self-
aggregation.3!] The purchased GNP exhibited an average flake
thickness and average lateral size of 5-30 nm and 5-25 pm, re-
spectively. Additionally, X-ray diffraction (XRD) and Raman anal-
ysis results are shown in Figure S1 (Supporting Information) to
provide specific information about the purchased GNP. Based on
this characterization, it was found to be carbon with some defects.
Therefore, we have decided to refer to the purchased Gr (GNP) as
GLC. Although its thickness was good for application as a multi-
layer, its lateral size is too large for application as a coating layer
on LPSCI. As shown in Figure 1a, scanning electron microscopy
(SEM) was performed to confirm the morphology and size of the
utilized GNP. The particle size ranged from the average size to
over 40 um, and each plate was densely stuck to the GLC sheets
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with thicknesses ranging from hundreds of nm to 2-3 pm. As
this dense particle could not be readily separated into a thin GLC
layer by simple stirring in the solvent, we crushed it into smaller
particles by horn sonication, thereby decreasing the average par-
ticle size (Figure 1b).

In the X-ray photoelectron spectroscopy (XPS) C 1s spectrum,
we normalized the C1s spectra for both Super P and GNP to rel-
atively compare their graphitic properties (Figure 1c). Upon nor-
malization and full width at half maximum analysis, GNP dis-
played a narrower graphitic carbon peak, indicating higher crys-
tallinity compared to Super P. Given the minimal presence of
functional groups, SE oxidation is more likely due to direct con-
tact between CAM and SE rather than any interaction with car-
bon’s functional groups. The O-containing functional group was
barely detected; thus, we predicted that it would not seriously af-
fect sulfide SE oxidation caused by its functional group like acety-
lene black carbon in previous studies.!?3] Therefore, SE oxidation
in sulfide ASSB may be more likely to be due to direct contact
between CAM and SE than to carbon’s functional group.

Ball milling is often used when GLP composites or GLP
coating,383% therefore, we conducted GLC coating on LPSCl
(GLC@LPSCI) via rotating ball milling as a preliminary exper-
iment. In our preliminary experiment of GLC@LPSCI, we con-
firmed that even a small amount of GNP of less than 1 wt.% was
sufficient for coating (See Figure S2, Supporting Information).
However, after ball milling, the ionic conductivity of LPSCI de-
creased by 78% from 4.31t0 0.94 mS cm™!, and the peak intensity
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in XRD decreased significantly (Figure S3a,b, Supporting Infor-
mation). This is because LPSCl is fined by milling energy and the
worn surface acts as a significant resistance to Li ionic conduc-
tion (Figure S3c, Supporting Information). Therefore, to avoid
this, we decided to use a solvent-based coating, and therefore, it
is necessary to select a suitable solvent for both the SE and GNP.
Ethanol (EtOH), Acetonitrile (ACN), and Xylene (XYL), which are
widely used solvents for liquid-based synthesis of LPSCl or slurry
casting, were selected as solvent candidates. To determine the im-
pact on solvent treatment, LPSCI (0.5 g) was added to the solvent
(10 mL) and stirred at 25 °C for 1 h (See Figure S4, Supporting In-
formation), followed by vacuum drying at 180 °C using the Biichi
oven. The result of the XRD analysis in Figure 1d shows the phase
stability of the LPSCl according to the solvent exposure. LPSCl ex-
posed to ACN and XYL displayed the same peak position as pris-
tine LPSCI, while LPSCI exposed to EtOH almost disappeared
from the main peak, although new peaks of Li,S and LiCl corre-
sponding to the precursors appeared. Therefore, ACN, XYL, or
a mixture of both seemed suitable as the solvent. To determine
the compatibility of GNP in ACN and XYL, four solutions were
prepared; ACN 100%, ACN 80%-XYL 20%, ACN 50%—XYL 50%,
and XYL 100% (v/v ratio). After adding a small amount of GNP
to each solution and stirring for 1 h, the degree of dispersion of
GNP was measured with an optical microscopy (OM, Figure 1e).
As GNP is composed of sp?-hybridized carbon, z—z interaction
with the benzene ring of XYL is possible, so XYL tends to per-
meate into the GLC layer more easily, resulting in smaller GNPs
with a high ratio of XYL solution. However, as a result of measur-
ing the ionic conductivity of LPSCl after solvent exposure (Figure
S5, Supporting Information), when exposed to ACN, it had 4.0
mS cm™! similar to that of pristine (4.31 mS cm™!), while LPSCI
exposed to XYL showed a significant decrease to 2.47 mS cm™.
Although XYL has a good interaction with GNP, it has a large
decrease in the ionic conductivity of LPSCI. Regarding the ionic
conductivity of the mixture, that of the ACN 80%—XYL 20% blend
was slightly higher than that of the ACN 50%-XYL 50% blend.
We thought that ACN reduces the contact rate between XYL and
LPSCI, thereby suppressing the decrease in ionic conductivity.
Furthermore, it is anticipated that the dispersion of GNP in XYL,
followed by the preparation of the XYL-ACN mixed solution and
the addition of LPSCI to that solution, would facilitate GNP dis-
persion and LPSCl ionic conductivity retention. So, it is better to
use it in combination with ACN by minimizing the content of
XYL instead of alone. By combining the OM and ionic conductiv-
ity results, it was confirmed that ACN 80%—XYL 20% is the most
suitable ratio for preparing GLC@LPSCL

To obtain GLC@LPSCI, GNP, and LPSC] were mixed in an
ACN 80%-XYL 20% solvent by stirring through several steps,
and the representative process for each step was shown as a digi-
tal image in Figure S6 (Supporting Information). All procedures
were carried out in a glovebox to avoid contamination and mois-
ture exposure. First, add GNP to the XYL equivalent to 20 v/v %
of total and sonicate it to immerse XYL between GNPs so that it
is to be smaller pieces than after horn sonication.[*°] At this time,
the maximum GNP concentration in XYL is 4 mg mL~! depend-
ing on the ratio of GNP to LPSCI, and this is acceptable because
Gr including reduced graphene oxide is physically dispersed in
organic solvent up to 63 mg mL=1.[*!l Thereafter, the remaining
80 v/v% was filled with ACN and vigorously stirred for 1 h (Figure
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S6a, Supporting Information). When the mixture is sufficiently
mixed and the GNPs appear to be dispersed in the solvent, LP-
SClis slowly added in portions. When a large amount of LPSCl is
added at once, [S;]™ is eluted by ACN and the color of the solution
turns transparent light blue as shown in Figure S3c (Supporting
Information).*?] Therefore, by slowly adding LPSCl so that it im-
mediately covers the GNPs and minimizing the exposure time to
the solvent, a gray-colored dispersed solution as shown in Figure
S6b (Supporting Information) can be obtained. In this regard,
slowly adding LPSCI increased opportunities for physical con-
tact between the SE particles and GNP, likely facilitating aggre-
gation through van der Waals forces. As stirring continued, phys-
ical contact between particles increased, allowing van der Waals
forces to play a more significant role than electrostatic repulsion.
Under static conditions, electrostatic repulsion may dominate,
but during stirring, the proximity of particles likely enabled van
der Waals forces to induce aggregation. Furthermore, the dielec-
tric properties of ACN likely contributed to shielding electrostatic
interactions, allowing van der Waals forces to act more strongly.
Although this mechanism was not directly verified experimen-
tally, the observed trends and theoretical considerations suggest
that van der Waals forces were the primary factor driving the for-
mation of the GLC@LPSCI.

After sufficiently stirring the mixture, raise the temperature of
the hot plate to evaporate all the solvent, and subsequently vac-
uum dried at 180 °C for 12 h using the Biichi Glass Oven to obtain
GLC@LPSCIL. The powder color obtained depended on the GNP
to LPSCI weight ratio, and we prepared 1, 3, 5, 7, and 10 wt.%
in the same manner as reported above (Figure S6c, Supporting
Information). As a representative example, EA (CHNS) analysis
was performed to confirm that the amount of GNP present in 5
wt.% GLC@LPSCI] was as much as it was added (Table S1, Sup-
porting Information). Pristine LPSCI contained 0.16 wt.% of C
while 5 wt.% GLC@LPSCI contained 4.95 wt.% of C confirm-
ing that GNPs were well distributed with the SE. In line with the
EA analysis, material characterization and electrochemical eval-
uation were conducted with 5 wt.% GLC@LPSCI, from now on,
consider GLC@LPSClas 5 wt.9% GLC@LPSCI, and the reason for
choosing 5 wt.% GLC@LPSCI will be discussed in detail later.

2.2. Material and Electrochemical Characterizations of the
GLC@LPSCI

To confirm that the final product was obtained as expected,
GLC@LPSCI was measured for material and electrochemical
characterization. Figure 2a presents the XRD analysis results of
LPSCI before and after GNP coating. No new peaks emerged,
only an additional peak at 26.4° corresponding to graphitic
carbon, suggesting no side reaction even when LPSCl is exposed
to solvents or GNP. Through the previous XRD data, we found
that there was no particular structural change in LPSCI even
after solvent exposure and GNP contact during the GLC@LPSCI
manufacturing process. However, since XRD shows average
structural information, it is difficult to obtain information on
local structure changes on the surface of the material that was
directly exposed to solvent and GNP. Therefore, short-range or-
dering was confirmed through pair distribution function (PDF)
analysis based on synchrotron X-ray scattering data. As shown
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Figure 2. a) XRD results of LPSCl and GLC@LPSCI. b) Reduced PDF, G(r), of LPSCI, solvent-exposed LPSCl (sol-LPSCl), and GLC-coated LPSCI
(GLC@LPSCI) in the r ranges of 1.5-15 A. ¢) SEM images of the LPSCI electrolyte before and after GLC coating. d) STEM—EDS mapping of the S,
P, Cl, and C contents of GLC@LPSCI particle and the corresponding normalized intensity graph along with line profiling. e) HAADF-STEM image and

STEM-EDS mapping of the S and C elements in GLC@LPSCI.

in Figure 2b, pristine LPSCI, after solvent exposure (sol-LPSCI),
and GLC@LPSCI were each measured, and they exhibited peaks
at 2.04, 2.4, 2.62, 3.34, and 4.07 A, which were attributed to P-S,
Li-S/Cl, Li-Li, S-S interchange, and S-S correlation interchange,
respectively.[*>*4] There was little difference in the peak position,
area, and width of LPSCl among the three samples. The results
so far have confirmed that no deterioration or structural change
from the solvents occurs either on average or locally after coating.
This means that there is no chemical side reaction caused by
solvent or GNP during the coating process.

Thereafter, SEM analysis was performed to show that the GNP
peak detected in XRD was not caused by simple mixing with
LPSCL The SEM image shows that several sheets resembling
GNP were attached to the LPSCI surface (Figure 2c). Since the
thickness of GNP is random, scanning was performed by lower-
ing the acceleration voltage to 5 kV to mitigate boundary blur-
ring for thin sheet due to volume interaction, and as a result,
clear visibility of each sheet boundary was affirmed. In addition,
high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) with energy dispersive X-ray spec-
troscopy (EDS) was analyzed for a single GLC@LPSCI particle
(Figure 2d). In EDS mapping results, the elements correspond-
ing to P, S, and Cl were detected, which means the single particle
shown in the HAADF-STEM image is LPSCL. Since C is also de-
tected around LPSCI, it can be considered as GNP coated on LP-
SCI (Figure S7, Supporting Information). Line profiling was also
performed in the direction indicated on the particle as shown in
Figure 2d obtaining the normalized relative ratio of each element.
Through the increase in the intensity of C at the outermost edge
of LPSC], it was confirmed that LPSCI was wrapped by GNP.

To improve the electronic conductivity in the composite cath-
ode, C must be continuously connected along the SE grain
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boundary when GLC@LPSCI is introduced into the electrode.
To assess this, specimens were prepared by ion milling us-
ing a focused ion beam after pelletizing pristine LPSCIl and
GLC@LPSCI, respectively; subsequently, TEM analysis was per-
formed. The distribution of C in the pellet was visualized using
HAADEF-STEM and EDS analysis. In the case of pristine LPSCI,
naturally, any elements do not exist at the SE interface (or grain
boundaries), and in particular, C is barely detected, showing that
electron movement hardly occurs between SEs (Figure S8a, Sup-
porting Information). However, in the case of GLC@LPSCI as
shown in Figure 2e and Figure S8b (Supporting Information), C
was detected at the LPSCI interface (or grain boundaries), con-
firming the formation of electronic conductivity. Along with de-
tected C in EDS, the inter-planar spacing of that was measured
with high resolution (HR) -TEM. The theoretical lattice spacing
of Gr is ~#0.34 nm corresponding to d,,, and since it matches ex-
actly 26.4° with the (002) peak in XRD, the measured inter-planar
distance value should be ~0.34 nm.[**] However, unfortunately,
the actual measured value is 0.32-0.36 nm of lattice space, which
is due to the difference depending on the number of GLC lay-
ers or image drift from the volatilization of SE caused by beam
damage.[*®!

The ultimate purpose of manufacturing GLC@LPSCl is to im-
prove the electronic conductivity of the SE, thereby addressing
the imbalance between electronic and ionic conductivity within
the composite cathode. Therefore, as an effect of GNP coat-
ing, the resistance and conductivity were measured using the
chronoamperometry (CA) method with nonblocking cells to as-
sess whether the electronic conductivity of GLC@LPSCI is im-
proved compared to LPSCI (Figure 3a).l’! The current term (I)
was averaged for the last 100 points of the measured current value
when a constant voltage (V) was applied. The resistance term (R)
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Figure 3. a) CA measurement of x% GLC@LPSCI (x=0, 1, 3, 5, 7, and 10) with a nonblocking cell of [SUS|x% GLC@LPSCI|SUS] configuration at a con-
stant voltage 0.5 V. The inset in this figure shows an enlarged y-axis scale in the range of 0-500 nA to distinguish the pristine LPSCl and 1% GLC@LPSCI.
b) Magnified Nyquist plot of the electron-blocking cell of the [Li foil|[LPSCI| composite cathode|LPSCI|Li foil] configuration for various composite cathode
comprising 70 wt.% of NMC811 and 30 wt.% of x% GLC@LPSCI in a frequency range of 5 MHz-10 mHz. c) Calculated electronic conductivity (black
line graph) and relative ionic conductivity (red line graph) of X% GLC@LPSCI from (a) and (b), respectively. d) CV curves of GLC@LPSCI for the first five
cycles in a voltage range of 0-5 V (vs Li/Li*) at 0.1 mV s~; the y-axis range was limited to —0.3 to 0.3 mA.

was calculated using Ohm’s law (R = V/I formula), and the con-
ductivity value (o, ,) was obtained according to Equation (1) below
considering the thickness (I) and area (S) of the pellet.

1)

ex

<|=

Ly
S

o=

o —lx
S

The electronic conductivity depending on GNP content (x%)
was calculated based on the result of applying a voltage of 0.5V,
and the values are summarized in Table S2 (Supporting Informa-
tion). The electronic conductivity of pristine LPSCI (o, ) was cal-
culated to be 8.14 x 10~ S cm™, considered as nonconductors,
and ¢, also showed very low electronic conductivity increasing
by only one order. On the other hand, at GNP content of 3 wt.%
or more, it rapidly increased by more than six orders, reaching
1.20 x 107* and 4.43 x 10" S cm™ at 6, and o, respectively.
Thereafter, as the growth scale had decreased, ¢, and o, ,, had
very high values 0of 8.28 x 107" and 1.01 S cm™!, respectively. The
rapid increase in electronic conductivity can be assessed by the
presence of an excess of GNPs, and an excess of GNPs can rather
hinder ionic conduction. Here, to decide the appropriate ratio of
GNP in GLC@LPSCI, we further investigate effective ionic con-
ductivity (o, ,) for composite cathode.

The ion transport resistance of the composite cathode was
measured by the electrochemical impedance spectroscopy (EIS)
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method using an electron-blocking cell which is composed of [Li
foil | LPSCI | composite cathode | LPSCI | Li foil].l*! As shown
in Figure 3D, the overall impedance increased depending on in-
creasing GNP contents, and the Nyquist plot for the entire scale
is shown in Figure S9a (Supporting Information). Despite being
an electron-blocking cell, the impedance could not be measured
with GLC@LPSCI alone, so we compared the relative ionic con-
ductivity using a composite cathode which made up 70 wt.% of
single crystalline LiNi, ;Mn, ; Co,, 0, (NMC811) with 30 wt.% of
x% GLC@LPSCL. In addition, as a reference cathode, a composite
cathode without any conductive materials including GNP was set
as 0% GLC@LPSCI. As shown in the electron-blocking cell con-
figuration, Li-ion transport takes place both in the bulk region
of the SE layer and in the region within the composite cathode.
That is, the overall resistance (Z,,.,,;) includes the resistance of
the SE layer (R,,;) and composite cathode (Z posite)- If the in-
terfacial resistance can be negligible, the total resistance follows
Equation (2)./48:4)

Zoverall = Rbulk + Zcomposite (2)

Additionally, in the case of Z 0, the electron and Li ions
within the composite cathode showed different movements in
Z omposive €2ch at high frequency and low frequency. At high fre-
quencies, electrons move in parallel in the opposite direction of
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Li-ion movement. Particularly, when the electron transport re-
sistance is much smaller than the ion transfer resistance, this
Z composite ur Decomes negligible. In this study, the electronic con-
ductivity of GLC@LPSCl is excellent due to GNP, we ignored the
electron transport resistance term. On the other hand, there is
only Li-ion movement at low frequency, so Li-ion transport resis-
tance is dominant. In this regard, Equation (2) can be rearranged
as the following Equation.

Zoverall, Hf — Rbulk (3)

Zovcrall, f = Rbulk + Rion (4)
l 1

Cionx S Rion ( )

To calculate the ionic conductivity within the composite cath-
ode, the value of R, , should be obtained, which can be obtained
by subtracting Equation (3) from Equation (4). Therefore, among
the measured impedance of x% GLC@LPSCI, the R, value
was obtained by subtracting the high-frequency resistance value
(Zoyerannir) from the low-frequency resistance value (Z,...y 1),
and each ionic conductivity was calculated using Equation (5).
The details of the relevant values of Z ... ¢ and Z .. ¢ the
Li-ion transport resistances, and calculated effective ionic con-
ductivity are listed in Table S3 (Supporting Information). Inter-
estingly, more than two depressed semicircles were visible in the
impedance Nyquist plot of 0% GLC@LPSCI. This is considered
to be Li transport resistance resulting from increased surface
reaction due to increased interfacial contact between the CAM
and SE and includes both the interlayer interface of SE layer—
Cathode and the inter-particle interface of CAM-SE.[>% Because
itincludes non-negligible interfacial resistance, it is not appropri-
ate to use the above Equations (3)—(5) for calculating ionic con-
ductivity. Therefore, the impedance was fitted to an equivalent
circuit including all interfaces, and the ionic conductivity was ob-
tained by considering the resistance corresponding to the cath-
ode (Figure S9b, Supporting Information).(5!!

The electronic conductivity and ionic conductivity of the
GLC@LPSCI according to the GNP content calculated previ-
ously are plotted in Figure 3c. As the GNP content increased,
electronic conductivity improved, but ionic conductivity de-
creased, as expected. Because both 3% GLC@LPSCI and 5%
GLC@LPSCl have high electronic and ionic conductivities, there-
fore, they are considered appropriate candidates. Although the
ionic conductivity is similar, the electronic conductivity of 5%
GLC@LPSCl is slightly higher, hence, it was judged appropriate
to conduct the electrochemical evaluation with 5% GLC@LPSCL
Again, all mentioned of GLC@LPSCI from now on refer to 5%
GLC@LPSCL

We confirmed through TEM that GLC@LPSCl was well
formed, and as a result, the electronic conductivity was also im-
proved. Furthermore, to investigate whether there is a side reac-
tion occurring during the electrochemical reaction by GNP in in-
timate contact with LPSCI, a cyclic voltammetry (CV) test was per-
formed using a Li anode as a counter electrode with GLC@LPSCI
on the cathode side. As shown in Figure 3d, there was only a re-
versible reaction of PS,*~ reduction/oxidation 1.6 and 2.5 V in
addition to the peak of Li insertion/extraction in the GLC ma-
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trixes ~0.1-0.2 V (see arrow in Figure S10a, Supporting Infor-
mation), whereas no other peak related to the degradation of the
SE appeared. So far, there have been some reports that unstable
interfaces are formed by side reactions when carbon and sulfide
SE composites are operated by CV.[?l When we also evaluated the
CV test of 5 wt.% VGCF with 95 wt.% LPSCl in line with C con-
tentin GLC@LPSCI, as the cycle progressed, the overcurrent and
noise occurred during oxidation (Figure S10b, Supporting Infor-
mation). Through this, we concluded that there would be little
effect on cell performance degradation even with GNP coating
on SE.

2.3. Electrochemical Performance of the GLC@LPSCI Composite
Cathode

The effectiveness of GLC@LPSCl in improving cell performance
compared to ordinary composite cathode was evaluated by using
galvanostatic charge-discharge measurement. For the electro-
chemical cell evaluation, the composite cathode of GLC@LPSCI
cell was prepared by mixing 70 wt.% of NMC811 and 30 wt.% of
GLC@LPSCl accounting for 1.5 wt.% GNP, a conductive carbon,
relative to total mass, while composite cathode of VGCF-LPSCI
was composed of 70 wt.% of NMC811, 27 wt.% of LPSCI, and
3 wt.% VGCF, which is intended to consistent with previous re-
search and to show the performance improving apparently. In the
cell setup, the cell, along with the composite cathode, used pris-
tine LPSCl—not GLC@LPSCl—as the SE layer and In-Li alloy as
the anode, forming a composite cathode/LPSCl/In-Li alloy con-
figuration for electrochemical evaluation. As shown in Figure 4a,
the initial capacity of GLC@LPSCI and VGCF-LPSClI cell at 0.05
C are similar to 193.43 and 192.02 mAh g~' but Coulombic ef-
ficiency (CE) are quite different with 82.7% and 71.8%, respec-
tively. This is because the GLC of GLC@LPSCI prevented di-
rect contact between the NMC active material and LPSCI SE, as
well as mitigated electrolyte oxidation. Furthermore, even after
GNP coating, the SE surface, which may be exposed during the
composite cathode preparation process, may contact the cathode
surface and subsequently oxidize the LPSCL. Therefore, LiNbO,
was coated on NMC811 (Nb@NMC811) because it is good at
suppressing interfacial side reactions, when Nb@NMC811 is
adopted as CAMs, it can deliver more improved initial capacity
0f 206.09 mAh g~ and CE of 85.3% at 0.05 C.

In addition to the above, we assessed various types of carbon
in the same manner with 3 wt.% of carbon content in the com-
posite cathode, and various carbon is depending on dimension
(D) including Super P (0D), VGCF (1D), and GNP (2D) (See
Figure S11, Supporting Information). The initial CE of the cell
without carbon, namely with only NMC811 and LPSCl in a ratio
of 70:30 wt.%, had the highest, with 78.4%, following the other
research results showing that carbon affects the promotion of
side reactions at the CAM-SE interface. Although carbon-free
has the highest CE, however, it has a lower specific capacity
showing 176.23 mAh g=! than 186.65 mAh g~! with 73.2% for
Super P due to lack of electronic conductivity. More interestingly,
in the case of cells using GNP simply mixed rather than coated
to GLC@LPSCI, the initial CE was as high as carbon-free, but
the capacity was much lower than it. Due to the aggregating
property of GNPs, it is hard to sufficiently disperse them within a

© 2024 Wiley-VCH GmbH
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Figure 4. Galvanostatic charge-discharge test in the range of 2.1-3.7 V (vs InLi/Li*) for the GLC@LPSCI and VGCF-LPSCl composite cathodes. a)
First cycle curves with 2 0.05 C (9 mA g™') current density of the NMC811/VGCF-LPSCI, NMC811/GLC@LPSCI, and Nb@NMC811/GLC@LPSCI cells.
b) Rate-capability test at several currents, from 0.05 to 5 C, for NMC811/VGCF-LPSCl and NMC811/GLC@LPSCI. c) Comparison of the capacity re-
tentions at a 0.5 C (90 mA g~') rate up to the 200th cycles of the NMC811/VGCF-LPSCl, NMC811/GLC@LPSCI, and Nb@NMC811/GLC@LPSCI

cell.

composite cathode by a simple mixing method. Therefore, GNP
not only failed to form a percolating electron pathway but also
acted as a bottleneck in the ionic transport pathway resulting
in significantly lower specific capacity. From the evaluating
initial electrochemical property, among ordinary conductive
agents, VGCF showed the most stable performance, so it was
used for testing the rate capability and cycling characteristic as
VGCF-LPSCl cell compared with GLC@LPSCI cell.

The rate capability was tested for VGCF-LPSCl and
GLC@LPSCIL. After the formation step with two cycles at
0.05 C, the charge—discharge current density first increased
from 0.1 C (18 mA g!) to 5 C (900 mA g~') with every five
cycles before returning to 0.5 C for additional cycling until the
50th cycle. As shown in Figure 4b, the discharge capacity of
GLC@LPSCI was shown to be superior to that of VGCF-LPSCI
and there was a little decrease in CE where in the rate changed
section. The rate capability is fairly affected by electron transport
properties, and the better the electronic conductivity, the lower
the charge-transfer resistance. In other words, the excellent rate
capability of GLC@LPSCI indicates the formation of percolating
network for electron transport in the composite cathode. In
addition, thanks to the continuous electron pathway, charge
transfer within the electrode becomes smooth, improving uti-
lization of CAM to enhance the capacity even at high current
density, making it advantageous for fast charging or high-loading
electrode applications.

Figure 4c shows the results of cycling stability for
NMC811/VGCF-LPSCI, NMC811/GLC@LPSCI, and
Nb@NMC811/GLC@LPSCI cells to 200 cycles at 0.5C cur-

Adv. Energy Mater. 2025, 15, 2403247

2403247 (8 of 13)

rent density. In the case of VGCF-LPSCI, the capacity retention
was 75% after 200 cycles, but GLC@LPSCI showed almost 90%
capacity retention after 200 cycles. The corresponding dQ/dV
curve with voltage featured the transformation of NMC811 with
VGCF-LPSCl or GLC@LPSCI (See Figure S12, Supporting In-
formation). The peak intensity at 0.1C and 0.5C of VGCF-LPSCl
was lower than 0.05C even in the 1st cycle. This is considered due
to the lack of electronic conductivity in the composite cathode.
Furthermore, with an increase in cycle number to 200" cycle at
0.5 C in VGCF-LPSCI, both cathodic and anodic peak intensity
decreased continuously, showing poor cyclic reversibility. This
is interpreted as being caused by interfacial side reaction,>*
and it is expected that there is also partial acceleration of CAM
deterioration resulting from inhomogeneous reactivity. On the
other hand, GLC@LPSCI showed that the peak position and
intensity overlapped well and the phase transformation was
well maintained even as the current density and cycle number
increased. In this regard, thanks to further alleviating the in-
terfacial side reaction, 95% capacity retention was achieved in
Nb@NMC811/GLC@LPSCI after 200 cycles.

As a result, the GLC@LPSCI cell not only delivers high ca-
pacity at high current density, it also improves the cycling char-
acteristics. This is due to a well-developed percolating electron
pathway, alleviating inhomogeneous reactivity, and reducing in-
terfacial side reaction between CAMs and SE. The high capacity
even at high current density is because inhomogeneous reactiv-
ity alleviates by enhancing the balance between ionic and elec-
tronic transport besides electronic conductivity improved within
the composite cathode through GNP coating. In addition, the
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Figure 5. Cross-sectional SEM images along with the EDS mappings of layered image for the Ni, O, S, P, and C elements of a) NMC811/VGCF-LPSCI
and b) NMC811/GLC@LPSCI cells, where the carbon contents were 3.0 and 1.5 wt.%, respectively. c) CA measurement results for each composite
cathode composition at 0.1-0.5 V. d) I-V curves with linear fitting for calculating the electronic conductivities of the composite cathode.

inhomogeneous reactivity causes capacity reduction due to the
generation of isolated active materials that do not participate in
the (de)lithiation reaction.?*?2] By reducing isolated active mate-
rials, as much as utilized in electrochemical reactions while min-
imizing over-charge and -discharge parts, cycling characteristics
can also be improved. Another positive effect of GNP coating on
SE for improving cycling is due to the reduction of side reac-
tions that can occur at the CAM-SE interface by minimizing di-
rect contact. The reduction of side reactions that can occur at the
CAM-SE interface by minimizing direct contact is also the posi-
tive effect of GNP coating on improving the cycling characteristic.

2.4. Effects of the Electron-Percolating Pathway on the Cell
Performance

From the electrochemical evaluation results, we confirmed that
GLC coating makes GLC@LPSCI have high capacity and excel-

Adv. Energy Mater. 2025, 15, 2403247 2403247

lent cycling characteristics. So, we investigated two perspectives
on the reasons that could have led to such results, one is for the
enhancement of capacity, and the other is for the enhancement
of cycling characteristics.

When GLC is well coated on LPSCI, the electron pathway in
the composite cathode forms a 3D conductive networking to suf-
ficiently support the movement of fast Li ions, enabling high ca-
pacity even at high current density. We conducted cross-sectional
milling of the composite cathode for the VGCF-LPSCI cell and
GLC@LPSCI cell in a cryogenic environment, confirmed the
distribution of carbon, and predicted the flow of electrons ac-
cordingly, through SEM-EDS analysis. In general, well-dispersed
VGCEF in the form of a wire connects separated CAMs from each
other to provide electronic conductivity. However, as shown in
Figure 5a and Figure S13a (Supporting Information), there are
many bundled VGCF within the composite cathode, and if in-
sulator SE is located at the end of the carbon, the CAM will not
receive electrons anymore, being a blackout region. On the other

(9 of 13) © 2024 Wiley-VCH GmbH
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Figure 6. XANES spectra of the a) VGCF-LPSC| and b) GLC@LPSCI cells obtained by the TXM-XANES analysis of the Ni K-edge energy change with
respect to SOCO, 50, and 100 of the 1st charge and SOCO after the 200th cycle. XPS results of the S 2p peak for ¢) LPSCl and after the 200th cycle for the

d) VGCF-LPSCl and e) GLC@LPSCI cells.

hand, when GLC@LPSCI is blended with the CAM, GNP play-
ing a role as a conductive pathway is located on the SE surface
or between SEs, as shown in Figure 5b, Figures S13b and S14
(Supporting Information). In this way, when carbon is located ac-
cording to the distribution of the SE, electrons can move continu-
ously through the carbon covering the SE whatever the CAMs are
separated from each other. Since no more electron conduction
occurs in the electron pathways disconnected area in the VGCF-
LPSCI cell, the GLC@LPSCI cell can freely supply electrons to
the composite cathode through the continuous electron pathway,
therefore it has higher electronic conductivity of the composite
cathode than the VGCF-LPSCI cell.

The CA in the same way as in Figure 3a was conducted to con-
firm the electronic conductivity of the GLC@LPSCI composite
cathode. The current value measured for 10 min in 0.1 V incre-
ment from 0.1-0.5 V is depicted in Figure 5c, and the average
current values of the last 100 points for each voltage are plotted
in Figure 5d calculating electronic conductivity through linear fit.
For comparison with GLC@LPSCI, VGCF-LPSCl in 1.5 and 3.0
wt.% of VGCF and carbon-free were measured in the same way,
respectively. As a result, the composite cathode for carbon-free
showed a conductivity of 18.4 mS cm™, which was higher than
the previous study results of 0.3 mS cm~'.[*’] The smaller the par-
ticle size of the cathode, the better the electronic conductivity.[*!
Thanks to the single crystalline morphology cathode with a small
particle size of ~3 um, it was higher than the literature value
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based on 8-10 um poly NMC with 2 wt.% Super P.[*/l VGCF-
LPSCl in 1.5 and 3.0 wt.% of VGCF showed similar values of
24.7 and 26.5 mS cm™!, respectively, while GLC@LPSCI showed
the highest electronic conductivity of 36.8 mS cm™, about twice
that of carbon-free. When an appropriate amount of carbon is
added, the electronic conductivity is improved by about 1.5 to 2
times compared to without carbon, and this demonstrates that
the improvement in electronic conductivity effectively acts to in-
crease the initial discharge capacity corresponding with the re-
sults shown in Figure 4a and Figure S11 (Supporting Informa-
tion). In other words, GLC@LPSCI showed high electronic con-
ductivity even with a small amount of carbon through the per-
colating electron pathway, confirming that electrical conductivity
plays an important role in increasing capacity.

The cycling characteristics and its dQ/dV data can help to
infer that CAM utilization was improved due to the continuous
electron pathway. That means, this can be interpreted that the
well-developed percolating electron pathway improves capac-
ity retention by alleviating inhomogeneous reactivity. A local
overcharge—discharge area stemming from a heterogeneous
reaction results in a decrease in capacity retention as the active
material is inactivated. Figure 6a,b is the result of TXM—XANES
analysis of Ni K-edge energy change concerning the state of
charge (SOC) of VGCF-LPSCl and GLC@LPSCI to evaluate the
reaction uniformity. Since both VGCF-LPSCl and GLC@LPSCl
went through the formation step to make the SOCO state, there is
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aslight difference in energy value in SOC0. When both cells were
charged from SOCO to SOC50, the Ni K-edge energy increased,
indicating that Ni was oxidized (Group 2 in the figure). For
the VGCF-LPSCI, even though it was charged up to SOC100,
the energy value did not increase significantly compared to
SOC50, showing no distinct energy gap between group 2 and
group 3 (Figure 6a). On the other hand, when GLC@LPSCI was
further charged from SOC50 to SOC100, the energy value of
each group increased similarly, resulting in a clear difference in
groups 2 and 3 (Figure 6b). In other words, the VGCF-LPSCI
showed inhomogeneous reactivity even within the 1st cycle, but
GLC@LPSCI had a homogeneous reactivity. Therefore, it was
confirmed that the formation of a good electron pathway by
continuous carbon contact can relieve the inhomogeneous re-
activity in the composite cathode. Furthermore, in the discharge
state after 200 cycles (see group 4 in the figure), it had a slightly
higher energy value than group 1 for VGCF-LPSCI, while the
GLC@LPSCI was similar to that of group 1. This highlights that
the improvement in cycling characteristics of the GLC@LPSCl is
due to the cathode remaining reversibility even after 200 cycles.

In addition to the utilization of CAM, mitigating the inter-
face deterioration, which minimizes the direct contact between
the CAM and SE, also improved capacity retention. After the
electrochemical test, the cathode surface of VGCF-LPSCI and
GLC@LPSCI after 200 cycles were analyzed by XPS to evalu-
ate interfacial side reaction and SE deterioration in the com-
posite cathode. The pristine LPSCl powder had only PS,3~
main peak and the synthetic by-product Li,S peak as shown in
Figure 6c¢. In the case of VGCF-LPSCI, the main peak of PS,*~
was still clearly visible after 200 cycles, but the peak of polysulfide
Li,S,+P,S, increase significantly with the increase in bridging
S (S%) (Figure 6d). On the other hand, in case of GLC@LPSCI,
some Li,S, +P,S, and S° were formed, but the intensity was re-
markably lower than that of VGCF-LPSCI (Figure 6e). The XPS
analysis result suggests that GLC coating suppressed the forma-
tion of by-products from interfacial side reaction. This is because
the GLC layer covered on the surface of LPSCI reduces the di-
rect contact area between the CAM and the SE, thereby suppress-
ing side reactions and oxidation of the SE. This is also supported
by EIS analysis with cycling as shown in Figure S15 (Support-
ing Information). For the EIS results in the 1st charge and 200th
charge of both cells, the VGCF-LPSCI increases significantly in-
terfacial resistance, especially between CAM-SE after 200 cycles,
while GLC@LPSCI showed a slight increase in resistance even
after 200 cycles. In other words, the XPS and EIS results led to
the same conclusion, thanks to the GLC coating, the chance of
SE decomposition on the CAM surface is reduced, thereby sup-
pressing an increase in interfacial resistance.

As mentioned above, the ultimate goal of GLC coating on the
SE for the formation of a percolating electron pathway is to fab-
ricate high-performance ASSBs even through thick and high-
loading-level electrodes. When the loading amount was simply
increased to enhance the cell capacity (not just for specific ca-
pacity) in the VGCF-LPSCI composite cathode, the inhomoge-
neous reactivity became more severe owing to the increased cur-
rent density, and the capacity decreased rapidly.!?¢%’]

To confirm that the improvement in electronic conductivity
through the formation of the percolating electron pathway is
effective for obtaining capacity even in high-loading thick elec-
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trodes, the cell test was performed after increasing the load-
ing amount of the composite cathode four times from 10.5 mg
(7.92 mg cm™?) to 42 mg (31.65 mg cm~2) as shown in Figure 7.
As a result, at a relatively low current density of 0.285 mA
cm™2 (0.05 C), both the VGCF-LPSCI cell and the GLC@LPSCI
cell showed similar initial discharge capacities of 184 mAh g~}
(7.7 mAh), but in case of at a high current density of 2.85 mA
cm™ (0.5 C), the capacity of GLC@LPSCI cell had 5.34 mAh
maintaining 69.1% compared with 0.05 C (0.5/0.05 C), which
was ~1.37 times higher than that of the VGCF-LPSCI cell
(50.3%) (Figure 7a). The thicknesses of the VGCF-LPSCI/HL and
GLC@LPSCI/HL composite cathodes are 208 and 195 um, re-
spectively (See Figure S16, Supporting Information). Based on
these values, the volumetric energy density of the composite cath-
odes is calculated to be 1034 and 1102 Wh L1, respectively. Ad-
ditionally, even after 100 cycles, GLC@LPSCI showed a capac-
ity retention of 75.1% and showed better cell performance than
VGCF-LPSCI (48.5%) (Figure 7b). Consistent with the results so
far, this result indicates that the rapidly decrease cell performance
athigh current densities of the VGCF-LPSCl cell is due to the low
electronic conductivity of the composite cathode, which disturbs
the smooth movement of electrons and thus cannot manage with
the increasing current density. Therefore, to manufacture a high-
energy-density ASSB through thick and high-loading electrodes,
it is important to improve ionic conductivity, but it is more im-
portant to balance ionic—electronic conductivity by providing a
percolating electron-conductive pathway.

3. Conclusion

High-performance electric vehicles require the development of
high-energy-density ASSBs. However, the conventional compos-
ite cathode configuration in sulfide-based ASSBs exhibits disad-
vantages, such as limited capacity and inadequate cycling char-
acteristics. Additionally, the degradation of the cell performance
becomes more severe when a thick electrode is required to in-
crease a real cell capacity at high current density. We assumed
this issue was mainly caused by the imbalance between the elec-
tronic and ionic conductivities of the battery, which resulted in in-
homogeneous reactions within the composite cathode. Thus, we
introduced a method comprising GLC coating on the SE rather
than CAM to generate a continuous electron-conductive pathway.
Thus, GLC@LPSCI was obtained by a simple solvent-based pro-
cess to avoid heat-induced aggregation, and no additives other
than GLC and LPSCl were used. Owing to the coating effect, the
GLC@LPSCI cells exhibited higher capacity at 0.5 C than VGCF-
LPSCl, and the cycling characteristics improved from 75% to 90%
after 200 cycles. The capacity was enhanced by improving the
electronic conductivity of the composite cathode by forming an
electron-percolating pathway, as well as eliminating the carbon
agglomeration and minimizing the electrical disconnection be-
tween CAMs. Furthermore, the well-developed electron pathway
enhanced the cycling characteristics by inhibiting the inhomoge-
neous reactions in the cell. Further, it suppressed cathode degra-
dation by eliminating the inactivated cathode material as well
as the local overcharge. Moreover, the GLC layer prevents direct
CAM-SE interface contact and reduces the interfacial side reac-
tions, contributing to enhanced cycling performance. Finally, we
confirmed that the well-developed electron pathway was key to
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Figure 7. a) Comparison of the Tst discharge curve at 0.05, 0.1, 0.2, and 0.5 C of low- and high-loading (LL and HL) amounts of the VGCF-LPSC| and
GLC@LPSCI cells. b) Cycling characteristics of the high-loading VGCF-LPSCl and GLC@LPSCI cells evaluated at 0.5 C.

cell performance, especially in thick electrodes. At a high loading,
the GLC@LPSCI cell exhibited a capacity retention rate of 75%
after 100 cycles and a cell capacity that was two times higher than
that of the VGCF-LPSCI cell. This study revealed the criticality
of a well-connected 3D electronic network to the development of
high-energy-density ASSBs. Simultaneously, to ensure homoge-
neous reactivity in the cell, the electronic and ionic conductivities
of the composite cathode must be balanced, aiming to improve
the capacity and cycling characteristics of the battery.
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