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ABSTRACT: All-solid-state lithium batteries (ASSLBs) with sulfide-based solid electrolytes offer improved safety compared to
conventional lithium-ion batteries. Silicon-based anode materials enable an increase in the energy density of ASSLBs. However, the
substantial volume change during cycling induces interfacial degradation, leading to significant capacity loss. In this study, the
composite silicon—graphite (Si—C) anodes were fabricated via an in situ cross-linking reaction between polybutadiene (PBD) and n-
butyl acrylate monomer. The resulting three-dimensional cross-linked polymer binder significantly improved interfacial adhesion and
cycling stability of the composite anode. Furthermore, the influence of PBD isomeric structure on cross-linking selectivity was
investigated to optimize the electrochemical performance and mechanical properties of the composite anode. As a result, the
composite anode employing solid electrolyte (LigPS;ClyBrys) and highly cross-linked binder based on cis-PBD delivered a high
initial discharge capacity of 1056.3 mAh g~ (areal capacity: 3.8 mAh cm™2) and exhibited superior capacity retention at 0.3 C and
30 °C.

KEYWORDS: silicon—graphite composite anode, cross-linked binder, sulfide solid electrolyte, all-solid-state lithium battery,

in situ cross-linking

B INTRODUCTION substantial volume changes during repeated cycling result in
the cracking and pulverization of silicon particles, as well as the
formation of numerous voids in the composite anode, which
significantly limit the practical application of pure silicon as an
active material.'"®™*' To address these challenges, silicon-
graphite (Si—C) composites have been proposed as a viable
alternative, owing to the high electronic conductivity of
graphite and its ability to buffer the volume changes of
silicon.””*®> Nevertheless, interfacial contact issues in the
composite Si—C anode still remain unresolved, primarily due
to the persistent volume changes of silicon during cycling. The
use of highly adhesive and mechanically robust polymer

As the demand for electric vehicles continues to grow in efforts
to reduce carbon emissions, the development of rechargeable
batteries with enhanced safety and higher energy density has
become increasingly critical.”” In this context, all-solid-state
lithium batteries (ASSLBs) using solid electrolytes have
attracted considerable attention as next-generation energy
storage systems.””” In particular, ASSLBs incorporating
sulfide-based solid electrolytes, such as Li;(GeP,S,,, Li,S—
P,S;, LiPS;X (X = Cl, Br, I), have garnered significant interest
due to their high ionic conductivity and superior processability
compared to oxide-based solid electrolytes.'”™"> To achieve
higher energy density in ASSLBs, the use of anode active
materials with high specific capacity is a promising approach.
Silicon (Si), in particular, offers a remarkably high theoretical
specific capacity (~4200 mAh g™'). Moreover, silicon has
additional advantages, including natural abundance, low cost,
and the absence of lithium dendrite formation in contrast to
lithium metal anodes.'*™"” Despite these benefits, its
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Figure 1. (a) Schematic illustration of the preparation process for the composite Si—C anode using an in situ cross-linked binder. (b) Chemical
structures of polybutadiene and n-butyl acrylate. (c) '"H NMR spectra of PBD, BA, and the cross-linked binders (BDxBAy).

binders can enhance the interfacial properties of Si-based
composite anodes by improving the contact between the
electrode components.”*™*” In this regard, extensive research
has been devoted to identifying suitable polymer binders for
use in composite anodes for ASSLBs. The wet-slurry method
that use organic solvents to fabricate composite electrodes
offers advantages in terms of mass productivity. However,
selecting an appropriate polymer binder for this process
remains challenging due to the poor chemical compatibility
between sulfide-based solid electrolytes and commonly used
organic solvents. Although polymer binders containing highly
polar functional groups can effectively improve interfacial
contact within the composite electrode, they tend to dissolve
only in polar solvents that can disrupt the crystal structure of
sulfide-based solid electrolytes.”*™>" Consequently, the limited
binder selection impairs the interfacial integrity of the
composite electrode. More importantly, these constraints
hinder the mitigation of silicon’s volume expansion, leading
to the formation of voids and cracks within the composite
anode.

In this work, we propose the use of a highly adhesive and
robust cross-linked binder to mitigate the volume changes of
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the composite Si—C anode for ASSLBs. Polybutadiene (PBD)
and n-butyl acrylate (BA) monomer were utilized to induce an
in situ chemical cross-linking reaction between them within the
composite Si—C anode. This cross-linking reaction formed
three-dimensional polymer networks, which enhanced the
mechanical integrity of the composite anode and improved
interfacial contacts among the electrode components.*” Thus,
the composite Si—C anode employing the in situ cross-linked
binder exhibited improved cycling stability and high-rate
performance compared to that using non-cross-linked PBD.
Furthermore, the effect of PBD isomer structure on the
selectivity of the cross-linking reaction was investigated to
further enhance the electrochemical and mechanical properties
of the anode. As a result, the anode employing Si—C, solid
electrolyte (LigPS;ClysBrgs, LPSX), and highly cross-linked
binder based on cis-PBD delivered a high initial discharge
capacity of 1056.3mAhg™' and exhibited good capacity
retention at 0.3 C and 30 °C. In addition, field-emission
scanning electron microscopy (FE-SEM) and high-resolution
3D X-ray microscopy (XRM) analyses revealed minimal
thickness change and less void formation in the anode with
cross-linked binder exhibited after cycling.

https://doi.org/10.1021/acsami.5c14778
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B EXPERIMENTAL SECTION

Materials. The argyrodite-type solid electrolyte LigPS;ClysBr
(LPSX) was synthesized via mechanochemical milling. A stoichio-
metric mixture of Li,S (99.9%, Alfa Aesar), P,S; (99%, Sigma-
Aldrich), LiCl (99.9%, Alfa Aesar), and LiBr (99%, Sigma-Aldrich)
was ball-milled with zirconia balls at 500 rpm for 12 h in a zirconia
vial using a Pulverisette 7PL (Fritsch GmbH). The milled powder was
then subjected to heat treatment at 550 °C for 6 h. The Si-graphite
composite was synthesized using ball-milled graphite flakes (Fritsch),
Si powder (Hanbyul), and sucrose (Sigma-Aldrich), as previously
reported.33‘34 In brief, graphite flakes, Si, and sucrose were
homogeneously dispersed in deionized water, followed by spray
drying with a spray dryer (Eyela) at SO0 rpm and 110 °C.
Polybutadiene (PBD, Sigma-Aldrich) and cis-polybutadiene (cis-
PBD, Sigma-Aldrich) were dried overnight in vacuum oven prior to
use. N-butyl acrylate (BA, >99%, Sigma-Aldrich) was used after
removing inhibitor by passing it through basic alumina columns,
followed by drying over molecular sieves. N-butyl butyrate (Alfa
Aesar) was also dried using molecular sieves prior to use. 2-Hydroxy-
2-methylpropiophenone (HMPP, 97%, Sigma-Aldrich) was used as
the photoinitiator. Lithium foil with a thickness of 200 pm was
purchased from Honjo Metal.

Fabrication of Composite Si—C Electrodes. The composite
Si—C anode was fabricated using a wet-slurry casting method. The
polymer (PBD or cis-PBD) was first dissolved in n-butyl butyrate,
followed by the addition of an appropriate amount of BA monomer
and HMPP (S wt % relative to BA) to prepare the binder solution.
Slurries were then prepared by homogeneously mixing Si—C, LPSX,
and the binder in a weight ratio of 70:30:2 using a planetary mixer
(Thinky Mixer, AR-100). The resulting slurry was cast onto a Ni foil
using a doctor blade and subsequently exposed to UV irradiation (4 =
254 nm) for 15 min. For comparison, composite Si—C anodes
employing PBD or a simply mixed binder (BD7BA3-mix) were also
prepared by casting slurries of Si—C, LPSX, and binder onto Ni foil.
All the composite anodes were dried in a vacuum oven at 70 °C for 12
h to remove residual solvents. Si—C was incorporated into the
composite anodes at a mass loading of 3.6 mg cm™>.

Characterization. 'H and '*C nuclear magnetic resonance
(NMR) spectroscopy were performed using a VNMRS 600 MHz
spectrometer (Varian) to investigate residual monomers and the
chemical structure of the cross-linked binder. X-ray diffraction (XRD)
measurements were conducted using a high-resolution diffractometer
(D8 ADVANCE, Bruker) with Cu Ka radiation (1 = 1.5418 A) to
examine changes in the crystalline structure of LPSX and Si—C. The
reactivity of PBD isomers with BA was investigated by Raman
spectroscopy using a DXR-3xi Raman Imaging Microscope. The
cohesive strength of the composite anode was evaluated using a
surface and interfacial cutting analysis system (SAICAS, Daipla
Wintes) equipped with a 1 mm-wide diamond blade. The change in
the anode thickness after cycling was examined using field-emission
scanning electron microscopy (FE-SEM, Verios G4 UC). The cross-
sectional morphologies of the composite electrodes were investigated
using FE-SEM and energy-dispersive spectroscopy (EDS). Internal
voids within the composite anode after cycling were analyzed using
high-resolution 3D X-ray microscopy (XRM) combined with
computed tomography (Xradia 620 Versa, Carl Zeiss). The acquired
raw data were processed using Dragonfly imaging software (Object
Research Systems, ORS) to reconstruct the 3D structure of the
composite anode and to quantify its porosity.

Electrochemical Measurement. The all-solid-state cell was
fabricated in the following sequence. First, a solid electrolyte pellet
was prepared by cold-pressing 150 mg of LPSX into a ~600 gm-thick
pellet under a pressure of 105 MPa. Next, the anode was put on top of
the solid electrolyte and pressed at 430 MPa. Finally, lithium metal
was put on the opposite side of the pellet, and the entire cell was
pressed under a pressure of 60 MPa. All cell assembly procedures
were conducted in an Ar-filled glovebox (MBRAUN). Cycling
performance was evaluated using a battery cycler (TOSCAT-3100,
Toyo). Prior to the cycling tests, three preconditioning cycles were

conducted at 0.1 C (1 C = 4.0 mA cm™2). The cell was then cycled at
0.3 C rate within a voltage range of 0.01—1.5 V. For rate capability
testing, charge—discharge tests were conducted at current rates
ranging from 0.1 to 1.0 C. The DC internal resistance (DC-IR) of the
cell was calculated based on the linear slope of the I-V curve. To
measure DC-IR, the cell was initially cycled at 0.1 C and charged up
to 0.15 V, followed by a 10 min rest. Subsequently, a series of charge—
discharge pulses at increasing C-rates (from 0.025 to 1.0 C) were
applied for 10 s each, with a 20 min rest period between pulses. All
the electrochemical tests were carried out at 30 °C.

B RESULTS AND DISCUSSION

Wet slurry casting was employed to fabricate the composite
Si—C anode using in situ cross-linked binder. As illustrated in
Figure la, a homogeneously mixed slurry containing Si—C,
LPSX, and binder solution was cast onto a Ni current collector,
followed by UV irradiation for 15 min. Free radicals generated
by the photoinitiator (2-hydroxy-2-methylpropiophenone,
HMPP) activate the double bonds of both PBD and BA,
initiating radical polymerization by forming linkages with
nearby monomers and polymers. The cross-linked binder was
prepared with varying ratios of PBD and BA to determine their
optimal composition. In this work, the cross-linked binder is
denoted by the molar ratio of C=C double bonds in PBD and
BA. For example, the cross-linked binder with PBD and BA in
the molar ratio of x:y was designated as BDxBAy. The chemical
structure of the cross-linked binders was analyzed using 'H
NMR spectroscopy. The 'H NMR spectra of PBD, BA
monomer, and the cross-linked polymers (BDxBAy) are
presented in Figure lc. The broad peaks at 1.96—2.14 ppm
and 5.30—5.45 ppm correspond to the —CH,— and —CH=
protons, respectively, and are labeled as H, and Hy (Figure
1b). The peaks observed around 5.79—6.37 ppm are attributed
to the protons of the C=C double bond in BA and are
designated as H¢, Hp, and Hg (Figure 1b). In the '"H NMR
spectra, the three proton peaks (Hc, Hp, and Hg) completely
disappeared after the cross-linking reaction between PBD and
BA, and the intensity ratio of Hy to H, gradually decreased
with increasing BA content, as summarized in Table S1. These
results suggest that unreacted BA monomers are absent in the
cross-linked polymers, and some of the C=C double bonds in
PBD participated in the cross-linking reaction with BA
monomer. Figure S1 presents the 'H NMR spectra of the
cross-linked polymers and poly(butyl acrylate) (PBA)
homopolymer. As shown in figure, the H¢, Hp, and Hg
peaks corresponding to the BA monomer cannot be observed
in PBA, and the —CH,— proton peaks adjacent to the ester
group (—COO-), labeled as Hg, upfield shift and change from
three split peaks to broad peaks upon polymerization.*®
Furthermore, the Hy peaks in the cross-linked polymers exhibit
a downfield shift (deshielding) with increasing PBD content.
This result indicates that electron delocalization is induced by
the C=C double bonds of PBD in the cross-linked
polymer.**~*

The main obstacle in wet slurry casting for fabricating
composite electrodes is the structural collapse of the sulfide
solid electrolyte (LPSX) caused by the polar solvents used to
dissolve the polymer binder.”® To investigate the chemical
compatibility of LPSX with solvent or polymer binders, X-ray
diffraction (XRD) analysis was performed to examine changes
in the crystalline structure of LPSX during the electrode
fabrication process. Figure S2 presents the XRD patterns of
LPSX, Si—C, and composite Si—C anodes using either PBD
binder or cross-linked binders (BDxBAy). The XRD results

https://doi.org/10.1021/acsami.5c14778
ACS Appl. Mater. Interfaces 2025, 17, 57114—57123


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c14778/suppl_file/am5c14778_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c14778/suppl_file/am5c14778_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c14778/suppl_file/am5c14778_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c14778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) 0107 Av (V)

0.0g] @ Discharge
@ Charge

0.061

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0

Current (mA)
2.0
(c) —PBD
P — BD9BA1
= 15 — BD8BA2
O — BD7BA3
@ — BD6BA4
> 1.0
=
[
205
=
o
>
0.0

0 200 400 600 800 1000 1200
Specific capacity (mAh g™)

20
(b)

Resistance (Q)
= o

[3,]
I

PBD BDSBA1 BDS8BA2 BD7BA3 BD6BA4

20 (d) —1st cycle
— ——50th cycle
3 ——100th cycle
= 1.51 —150th cycle
-1 —— 200th cycle

0
> 1.0
2
(]
? 0.5
=
(<]
>
0.0

0 200 400 600 800 41000 1200
Specific capacity (mAh g™')

(e)

‘TU'I

< 1000 (S

E

P e

S 600

e T-e- PBD

S 400] ° BD9BA1

) —o- BD8BA2

S 00] o BD7BA3

E o BD6BA4

a o ' ' : I
: 50 100 150 200

Cycle number

Figure 2. (a) Plots of voltage change versus current for the Li/LPSX/Si—C cell with BD7BA3. (b) Resistances of Li/LPSX/Si—C cells employing
different binders. (c) Voltage curves of the Li/LPSX/Si—C cells during the first preconditioning cycle at 0.1 C and 30 °C. (d) Cycling curves of the
Li/LPSX/Si—C cell with BD7BA3 at 0.3 C and 30 °C. (e) Cycling performance of the Li/LPSX/Si—C cells employing different binders at 0.3 C

and 30 °C.

indicate that all the characteristic crystalline peaks of Si—C and
LPSX in the composite anodes remained unchanged,
suggesting that no side reactions occurred during the wet
electrode fabrication process. Moreover, we performed linear
sweep voltammetry on the solid electrolyte sheet incorporating
the cross-linked binder within the potential range of 1.5—0.01
V (vs Li/Li*) (Figure S3). Although some reductive current
was observed in this range, attributable to the inherent
instability of the sulfide-based solid electrolyte, the solid
electrolyte sheets with cross-linked binders exhibited no
additional peaks compared to the pristine solid electrolyte.
These results confirm that the cross-linked binder is electro-
chemically stable within the operational voltage window. The
internal resistance of the anodes with various binders was
determined by linear regression analysis of voltage increment
(AV) versus current (I) plots at various current densities in
Figure S4.°7 The resistance was calculated from the slope of
the I — AV plot (Figure 2a), and the results are depicted in
Figure 2b. As shown in the figure, the anodes exhibited
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negligible differences in internal resistance regardless of the
type of polymer binder, indicating that there was no significant
increase in internal resistance due to the in situ cross-linking of
PBD and BA. The cycling performance of the Si—C anode
employing cross-linked binders with varying compositions was
evaluated to determine the optimal ratio of PBD to BA. The
counter electrode and solid electrolyte used to evaluate the
electrochemical performance of the anode were lithium metal
and LPSX, respectively (ie., Li/LPSX/Si—C cell). The
composite anode was labeled according to the polymer binder
used in its preparation. During the first preconditioning cycle
at 0.1 C and 30 °C, the anode delivered discharge capacities
ranging from 1040.6 to 1050.7 mAh gfl, as shown in Figure 2c.
Figures 2d and SS show the voltage profiles of anodes with
different binders at 0.3 C, while their cycling performance is
compared in Figure 2e. Clearly, the anode prepared with cross-
linked binders exhibited better cycling stability than the one
using the PBD binder. The cross-linked network formed by
PBD and BA helps mitigate the volume changes of Si—C in the

https://doi.org/10.1021/acsami.5c14778
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Figure 3. (a) Voltage response of the Li/LPSX/Si—C cell with BD7BA3-mix during the DC-IR experiment, (b) plot of voltage change versus
current, and (c) resistances of the Li/LPSX/Si—C cells employing BD7BA3 and BD7BA3-mix binders. (d) Cycling performance of the Li/LPSX/
Si—C cells using BD7BA3 and BD7BA3-mix binders at 0.3 C and 30 °C.

composite electrode, thereby maintaining good interfacial
contacts between Si—C and LPSX and enhancing cycling
stability. Among the cross-linked binders studied, BD7BA3
demonstrated the highest capacity retention, suggesting that
the PBD to BA ratio of 7:3 is optimal for achieving superior
cycling performance.

To investigate the effect of chemical cross-linking between
PBD and BA, the composite Si—C anode was also prepared by
simply mixing PBD and BA in the same weight ratio as
BD7BA3, referred to as BD7BA3-mix. Figure S6 presents the
'"H and C NMR spectra of PBD, PBA, BD7BA3, and
BD7BA3-mix. In the 'H NMR spectra, the Hp peaks of
BD7BA3 exhibited a downfield shift due to electron
delocalization induced by the C=C double bonds in PBD,
as previously discussed. In contrast, the Hp peaks of BD7BA3-
mix did not show any noticeable changes in chemical shift. The
carbon adjacent to the ester group (C,) appeared at 64.4 ppm
in the ®C NMR spectrum. The heteronuclear single-quantum
correlation (HSQC) spectra in Figure S7 reveal that the
methylene peaks of BD7BA3 (Hy and C,) are downfield
shifted. These results indicate that the in situ cross-linking
reaction between PBD and BA results in the formation of a 3D
polymer network. The distribution of the polymer binder
within the composite Si—C electrodes, depending on the
binder preparation method, was investigated by EDS mapping.
Figure S8 shows the cross-sectional SEM and corresponding
elemental mapping images of the Si—C anodes. The results
reveal that Si from the active material, S from the solid
electrolyte, and O from the polymer binder are homogeneously
distributed, indicating that all components (Si—C, LPSX, and
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binder) are uniformly dispersed throughout the composite
without aggregation.

The internal resistance and electrochemical performance of
the anodes prepared with BD7BA3 and BD7BA3-mix were
compared. As shown in Figure 3, the use of the simply mixed
binder (BD7BA3-mix) led to deteriorated electrochemical
performance, as evidenced by increased internal resistance and
reduced cycling stability. These results clearly indicate that the
superior electrochemical properties of the anode using
BD7BA3 originate from the cross-linked network structure
formed by the binder, which effectively maintains strong
binding among the electrode components within the
composite anode.

To improve the cross-linking density of the 3D polymer
network, we investigated which isomeric configuration of PBD
predominantly undergoes radical cross-linking reactions. It is
well-known that PBD consists of three different configurations
— 1l,4-cis, 14-trans, and 1,2-vinyl — which arise due to
variations in synthesis conditions.””*" The Raman spectra of
PBD and BD7BA3 are shown in Figure 4a,b. The relative areas
corresponding to the three configurations were calculated and
are presented in Figure 4c. Notably, the peak associated with
the 1,4-cis configuration decreased more significantly than
those of the other configurations after cross-linking (30.4% —
25.7%), suggesting that 1,4-cis PBD primarily participates in
the cross-linking reaction, thereby enhancing the cross-linking
density of the polymer network.*>*

Accordingly, to further enhance the cross-linking density of
the BD7BA3 binder, the Si—C anode was fabricated using cis-
PBD and BA in the same weight ratio as BD7BA3. The cis-
PBD consists of 99.0% 1,4-cis, 0.1% 1,4-trans, and 0.9% 1,2-
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vinyl configurations. The resulting binder synthesized from cis-
PBD and BA is referred to as cis-BD7BA3. To evaluate the
cohesive properties of the composite anodes employing
different binders (PBD, BD7BA3, and cis-BD7BA3), SAICAS
measurements were performed.** The horizontal and vertical
forces required to cut through the middle of the composite
anodes were measured using the constant velocity mode, as
illustrated in Figure Sa. As shown in Figure Sb,c, the composite
anodes prepared with cross-linked binders exhibited higher
cutting forces, indicating that the 3D polymer network
structure of the binder imparts enhanced cohesive strength
among the components within the Si—C anode. Notably, the
anode employing cis-BD7BA3 exhibited the highest horizontal
and vertical forces, which can be ascribed to its highly cross-
linked 3D polymer network structure. Moreover, nanoscratch
tests were conducted to further evaluate the mechanical
properties of the anodes.”® Figure 5d shows a schematic
illustration of the nanoscratch test. As depicted in Figure Se,
the anode fabricated with cis-BD7BA3 exhibited the smallest
penetration depth, attributed to its superior mechanical
properties. In addition, the DC-IR of the anodes with various
binders was measured. As shown in Figure S9, the cell
employing cis-BD7BA3 exhibited the lowest internal resist-
ance. The lowest resistance in the DC-IR measurements is
attributed to the strongest interfacial contact of the cis-PBD-
based cross-linked binder, which enhances ionic pathways and
reduces interfacial resistance. These results indicate that a well-
constructed 3D polymer network structure not only enhances
the mechanical properties but also reduces the internal
resistance of the composite anode.
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The electrochemical performance of the anodes with
different binders was evaluated. Figure 6a presents the
representative cycling curves of the cell employing the cis-
BD7BA3 binder, and Figure 6b illustrates a comparison of
cycling performance among cells with different binders. It can
be observed that the cis-BD7BA3 cell exhibited the best
electrochemical performance in terms of both initial discharge
capacity and cycling stability. It delivered a high initial
discharge capacity of 1056.3 mAh g~' and retained 78.4% of
its initial capacity after 200 cycles at 0.3 C and 30 °C. In
comparison, the PBD and BD7BA3 cells showed capacity
retentions of 48.7 and 68.3% at 200th cycle, respectively.
Figures 6¢ and S10 show the cycling curves of the Li/LPSX/
Si—C cells with different binders at various C-rates, and their
rate capabilities are compared in Figure 6d. The cis-BD7BA3
cell exhibited the lowest polarization at high current rates and
consequently delivered the highest discharge capacities across
all C-rates. The pressure variation of the cell during cycling was
measured to investigate the effect of the polymer binder on
mitigating the volume changes associated with the active Si—C
materials. As shown in Figure S11, the cell employing cis-
BD7BA3 exhibited the smallest pressure variations. This result
indicates that the well-constructed 3D polymer network of cis-
BD7BA3 effectively alleviates the volume changes in the Si—C
electrode, thereby reducing the formation of cracks and voids
within the Si—C anode.” To verify the operation of the cell
under lower pressure, cells assembled with different binders
were tested at a stack pressure of 15 MPa. As shown in Figure
S12a, all cells exhibited lower discharge capacities and poorer
cycling stability at 0.3 C compared with those operated under
higher stack pressure. This result is likely due to lose particle
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contacts, which increase internal resistance and deteriorate cell
performance. Even under lower stack pressure, however, the
cell employing cis-BD7BA3 exhibited the highest discharge
capacity and the most stable cycling performance. These
results can be attributed to the superior interfacial contact
between the Si—C and LPSX, enabled by the highly adhesive
and robust nature of the 3D polymer network binder, as
previously discussed. In many previous studies, constant
current/constant voltage (CC/CV) charging protocols have
been applied during the lithiation process. In the CC/CV
mode, the subsequent CV step transfers the residual charge
into the electrode and enhances the overall capacity after CC
charging. We evaluated the cycling performance of Li/Si—C
cells under CC/CV conditions. As shown in Figure S12b, the
CC/CV mode increased the discharge capacity of the cells by
enabling residual charge storage after the CC step. Even under
these testing conditions, the cell employing cis-BD7BA3
exhibited the best cycling performance owing to the superior
binding properties of cis-BD7BA3.

Cross-sectional SEM images of the anodes were obtained in
the discharged state, both before and after 200 cycles. Prior to
cycling, the thickness of the composite anodes was
approximately the same (~41 pm), and all the electrodes
exhibited intimate contact with the current collector, as shown
in Figure 7a—c. However, as evident in Figure 7d,e, its
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thickness significantly increased due to the large volume
changes of the Si—C during repeated charge/discharge cycles.
Notably, the composite Si—C anodes with cross-linked binders
exhibited much smaller increases in their thickness. In
particular, the composite anode prepared with cis-BD7BA3
showed the smallest thickness change, which is attributed to its
strong cohesive properties enabled by the 3D polymer network
structure.*>*” The effect of binders on interfacial contacts after
cycling was investigated using a 3D imaging analysis. X-ray
microscopy (XRM), combined with microcomputed tomog-
raphy (u-CT), was employed to evaluate the extent of internal
void formation within the anode.”®*’ Specifically, the 3D
morphology of the anode’s internal structure was visualized. By
capturing a series of 2D transmission images of the rotating
sample, as shown in Figure S13, high-resolution 3D
reconstructions of the composite Si—C electrodes were
obtained through X-ray CT imaging. Figure 7g—i present the
3D morphologies of the composite anodes after 200 cycles,
where internal pores are highlighted in red. After cycling, the
porosities of the composite Si—C anodes prepared with PBD,
BD7BA3, and cis-BD7BA3 were found to be 13.7, 7.3, and
6.0%, respectively. Furthermore, the composite anode with cis-
BD7BA3 exhibited the lowest void count per unit volume, as
shown in Figure S14. Cross-sectional SEM images and porosity
analyses of the composite Si—C anodes were carried out in the
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50 pm

BD7BA3
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Figure 7. Comparison of cross-sectional SEM morphologies of Si—C
composite anodes with different binders: images taken (a—c) before
and (d—f) after 200 cycles. (a, d) PBD; (b, ¢) BD7BA3; and (g, f) cis-
BD7BA3. X-ray microscopy (XRM) with microcomputed tomog-
raphy (u-CT) of the composite Si—C anodes after 200 cycles. (g)
PBD, (h) BD7BA3, and (i) cis-BD7BA3.

absence of external pressure, since direct examination under
high stack pressure is challenging. If high stack pressure is
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applied, the anodes would show significantly reduced thickness
and porosity compared to the pressure-free condition.
Nevertheless, it is evident that the highly cohesive cis-
BD7BA3 enhances the interfacial properties of the anode,
ensuring stable contact. These results corroborate earlier
findings that the cross-linked binder derived from cis-PBD and
BA forms a robust 3D polymer network, which helps maintain
intimate interfacial contact within the electrode. Consequently,
this well-structured cross-linked binder is demonstrated to be a
promising candidate for Si-based composite anodes in ASSLBs,
where large volume changes occur during cycling.

Bl CONCLUSIONS

In this work, we fabricated the composite Si—C anodes using a
highly adhesive and robust in situ cross-linked binder formed
via photoinduced cross-linking of PBD and BA monomer.
Among the various isomers of PBD, the 1,4-cis configuration
predominantly participated in the cross-linking reaction with
BA. The resulting composite Si—C anode incorporating the in
situ cross-linked binder derived from cis-PBD and BA
exhibited superior cohesive strength and the lowest internal
resistance. Consequently, the all-solid-state cell employing this
composite Si—C electrode and LPSX electrolyte (Li/LPSX/
Si—C cell) demonstrated superior cycling performance in
terms of discharge capacity, cycling stability, and high-rate
capability. Furthermore, 2D and 3D morphological analyses of
the cycled composite Si—C electrodes revealed that the cross-
linked binder effectively suppressed the large volume changes
of the Si—C electrode during repeated cycling. These results
indicate that the cross-linked binder based on cis-PBD and BA
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is a promising candidate for Si-based anodes in high energy
density ASSLBs.
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