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ABSTRACT: Silicon is expected to be used as a high theoretical
capacity anode material in lithium-ion batteries with high energy
densities. However, the huge volume change incurred when silicon
de-embeds lithium ions, leading to destruction of the electrode
structure and a rapid reduction in battery capacity. Although
binders play a key role in maintaining the stability of the electrode
structure, commonly used binders cannot withstand the large
volume expansion of the silicon. To alleviate this problem, we
propose a PGC cross-linking reconfiguration binder based on
poly(acrylic acid) (PAA), gelatin (GN), and f-cyclodextrin (/-
CD). Within PGC, PAA supports the main chain and provides a
large number of carboxyl groups (—COOH), GN provides rich
carboxyl and amide groups that can form a cross-linking network
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with PAA, and f-CD ofters rich hydroxyl groups and a cone-shaped hollow ring structure that can alleviate stress accumulation in the
polymer chain by forming a new dynamic cross-linking coordination conformation during stretching. In the half cell, the silicon
negative prepared by the PGC binder exhibited a high specific capacity and capacity maintenance ratio, and the specific capacity of
the silicon negative electrode prepared by the PGC binder is still 1809 mAh g~' and the capacity maintenance ratio is 73.76%
following 200 cycles at 2 A g~' current density, indicating that PGC sufficiently maintains the silicon negative structure during the
battery cycle. The PGC binder has a simple preparation method and good capacity retention ability, making it a potential reference

for the further development of silicon negative electrodes.
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1. INTRODUCTION

The development of electric vehicles limited by the capacity of
graphite anode (372 mAh g™, LiCy) has led to the emergence
of range anxiety, necessitating the exploration of high-energy
negative electrode materials." Silicon is recognized as a
conceivable anode material for high-energy-density lithium-
ion batteries owing to its high theoretical capacity (4200 mAh
g™!, Li,,Si), low working potential, and abundant reserves.””
Nevertheless, unlike the insertion/extraction mechanism of
lithium-ion storage in graphite, silicon anodes undergo
alloying/dealloying transformations during electrochemical
reactions, leading to significantly higher volume expansion
and shrinkage (>300%) upon cycling than the insertion/
extraction process. This causes fragmentation of silicon
electrodes, instability of the solid electrolyte interface (SEI),
loss of electrical contact within the electrode film, and
ultimately, a rapid deterioration of capacity, hindering the
large-scale applicability of silicon anodes.™”

To resolve the aforementioned issues, the stable structure of
the silicon anode can be maintained from both the material
and electrode aspects by designing nanostructures,” modifying
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the carbon coating,” or introducing an artificial SEI layer and
high-performance binders.”” To address the significant volume
expansion incurred by the alloying process, the stable electrode
structure is the key factor to exert the performance of the
material after having excellent electrode materials, which are
modified from the material scale."’”"> High-performance
binders have been demonstrated to maintain the structure of
the electrode while exerting the material capacity. Besides high
performance, these binders have relatively low production
costs and do not change existing cell preparation processes,
thus receiving widespread research attention."

The binder plays a crucial role in maintaining the integrity of
the electrode structure by relieving volume changes and
maintaining electrical contact with silicon particles, which
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Figure 1. (a) Schematic diagram of the internal mechanism of PGC and structure of #-CD. Action mechanisms of (b) PAA and (c) PGC binders in

the battery cycle.

connect the active substance to the conductive agent and
current collector.'* However, commercial binders for instance
polyvinylidene difluoride (PVDF) and carboxymethyl cellulose
(CMC) have difficulty adapting to the volume expansion of
silicon owing to their linear molecular structures, fragility, and
poor interaction force."”'® Recently, many studies have
employed high-performance binders—such as self-healing,
covalent bond cross-linking, branching architecture, and
hydrogen bond cross-linking binders—to meet the require-
ments of high elasticity, self-healing, and interface compati-
bility in silicon anodes.'’~*° Furthermore, the introduction of
abundant functional groups—including carboxyl (—COOH),
hydroxyl (—OH), and amine (—NH,)—have been demon-
strated to effectively stabilize the silicon structure and
electrode plate architecture.”’ The mechanism can be
concluded that surface binding could be formed between
polar groups and hydroxyl functional (—OH) groups on the
surface of silicon particles. In addition, hydrogen bonds formed
with abundant polar groups on polymer chain segments may
form a dynamic cross-linking network in response to the huge
volume change of silicon particles, preventing the continuous
generation of the SEL”* For example, Wang and co-workers
obtained an interpenetrated gel polymer binder by cross-
linking poly(vinyl alcohol) (PVA) and poly(acrylic acid)
(PAA), forming a strong binding network through interactions
between the carboxyl and hydroxyl groups.”> Tang and Zhang
and co-workers employed thiourea to develop a self-healing
polymer binder and cushion the massive volume expansion
during the lithiation/delithiation process.”* However, multiple
volume expansions lead to uneven stress consumption and
inhibit the hydrogen bond effect, resulting in an active material
loss of the electrical contact and the collapse of the electrode
structure.

We propose a high-performance binder that achieves stress
dissipation by cross-linking reconfigurations of a slightly
conical hollow-cylinder ring-structure polymer, obtained by
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combining PAA, gelatin (GN), and f-cyclodextrin (8-CD)
denoted as PGC. The carboxyl group in the PAA and the polar
group in the GN form a stable and flexible cross-linking
network owing to hydrogen bonding between the GN, PAA,
and silicon particles. The -CD is composed of seven glucose
molecular units and characterized by a three-dimensional cone-
shaped hollow cylindrical structure, which has some amount of
hydroxyl groups.”> This combination exhibits excellent
mechanical properties through hydrogen bonding interactions
and the movement of cyclic molecules, maintaining the
stability of the silicon negative structure and enabling stable
cycling. First, the —OH on the outer surface of f-CD can form
hydrogen bonds with polar groups in the polymer network.
Furthermore, owing to the peculiar cylindrical ring structure of
P-CD, the pattern of cross-linking transforms from point cross-
linking along the linear polymer to planar cross-linking,
providing a flexible combination. In addition, the unique
structure of -CD can buffer the stress caused by deformation
through molecular motion, such as rotation and slip, as the
polymer network stretches, form a new dynamic cross-linking
coordination conformation in the polymer network, and
coordinate with the sliding motion of the PAA and GN
molecular chains to constantly adapt to deformation, thereby
maintaining the structure of the negative electrode.

Thus, the addition of $-CD to the PG network to form a
cross-linking reconfiguration polymer network greatly im-
proves the mechanical properties of the binder, such as its
excellent tensile rate. Furthermore, the addition of GN, which
contains many polar groups and hydrophilic/hydrophobic
amphoteric segments, enhances the binder’s adhesion. Owing
to its excellent mechanical properties, the PGC binder helps
stabilize the electrode configuration in the course of charge and
discharge processes, maintain electrical contact, reduce the
increase in SEI, and achieve stable cycle performance.
According to test results, the PGC binder exhibits an excellent
capacity retention ability in silicon/lithium half cells, with the
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Figure 2. (a) FTIR spectra of PAA, PG, and PGC polymers. (b) 'H NMR spectra of different polymers. (c) Enlarged view of the 'H NMR

spectrum.
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Figure 3. (a) Strain—stress curves of PAA, PG, and PGC films. (b) Peeling curves and (c) load—indentation depth curves of electrodes with

different binders. (d) Reduced moduli and hardness of different electrodes.

resulting silicon anode achieving a specific capacity of 1809.0
mAh g~ following 200 cycles at a heavy current density of 2.0
A g7'. This is a significant improvement over Si-PAA (639.1
mAh g7') as well as Si-PGN (1229.1 mAh g™') with a silicon
loading of 0.7—0.85 mg cm 2. The PGC binder exhibited a
tensile ratio of 50.08% in the tensile test, reflecting its strong
stress dissipation ability. In contrast to conventional point-and-
line cross-linking, for enhancing the performance of silicon
anodes we employed an alternate energy dissipation strategy
by cross-linking reconfiguration of a conical cylindrical ring-
structure polymer, which provides a reference for the study of
silicon negative electrodes.

2. RESULTS AND DISCUSSION

The direct mixing of PAA and GN at room temperature
resulted in rapid precipitation, and the lack of fluidity indicated
that a cross-linked network was formed through an acid—base
reaction. Therefore, ammonia—water was first added to PAA
solution to counteract the carboxyl groups and inhibit the
cross-linking reaction (Figure S2). Subsequently, the solution
was mixed with GN. The amino group neutralized by the
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carboxyl group evaporated during the drying process, and the
polymer was recross-linking in the electrode.”*™>*

Owing to its annular structure, the addition of 3-CD to the
cross-linking network may result in chain slippage between
polymer chains through the sliding and rotation of B-CD,
dissipating the stress and forming a new cross-linking
coordination conformation in the polymer network as a
consequence of deformation. Through the coordination of -
CD with the cross-linking network formed by PAA and GN,
the polymer network can withstand considerable deformation
and maintain sufficient strength to adapt to the drastic
expansion of silicon. Figure la illustrates the internal bond
mechanism of the PGC cross-linking reconfiguration, with
Figure 1b depicting the failure mechanism of the PAA
adhesive. Owing to its strong rigidity, the PAA network is
vulnerable to fractures during the cycling process, resulting in a
reduced adhesion effect. However, PGC can effectively
alleviate stress through the cross-linking reconfiguration of f-
CD, thereby maintaining good adhesion performance, as
shown in Figure 1lc.

The internal structures of the cross-linking reconfiguration
networks were examined using FTIR, as shown in Figure 2a.
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Following the introduction of GN, the characteristic peak of
carboxyl group (—COOH) PAA at 1704 cm ™' shifted to 1694
cm™!, indicating that the addition of GN leads to cross-
1in1<ing.29’30 Simultaneously, the —C=0 and —N—H bonds of
the amide group in gelatin correspond to two new character-
istic peaks at 1654 and 1549 cm™.*" In the infrared spectrum
of the PGC polymer, the appearance of a new characteristic
peak at 1030 cm™ is due to the —C—O—C— structure in f3-
CD.*” Meanwhile, the infrared spectrum of PAA mixed with -
CD shows that the peak of carboxyl group (—COOH) PAA
decreases from 1704 to 1696 cm™}, indicating that abundant
hydroxyl groups on the surface of #-CD form hydrogen bonds
with the abundant —COOH in PAA. To further elucidate
cross-linking in the PGC adhesive network, we deployed
nuclear magnetic resonance (NMR) spectroscopy. The NMR
spectrum in Figure 2b shows that upon mixing PAA with GN,
the hydrogen atoms of GN shift toward a higher field,
indicating an interaction between PAA and GN. Interestingly,
following the addition of B-CD, the hydrogen atoms shift
toward a lower field, indicating that $-CD weakens interactions
within the system. This is ascribed to the cyclic structure and
relatively large molecular weight of $-CD, which forms cavities
within the cross-linking network, thereby reducing interactions

between PAA and GN. This weakening effect favors the
molecular motion of -CD in the polymer network. Moreover,
in the NMR spectrum of the PAA/f-CD system, the hydrogen
atoms of B-CD also shift toward a higher field upon the
addition of PAA, indicating the formation of hydrogen bond
cross-linking between (-CD and PAA as the interaction
between PAA and GN weakens (Figure S3). Through infrared
and NMR characterizations, it is evident that -CD plays a role
in cross-linking and sliding within the polymer network. Owing
to the rich polar groups and cross-linking, cohesion within the
polymer network can be greatly enhanced while maintaining
structural stability and adagting to the volume expansion of the
silicon negative electrode. ?

Mechanical characterization of the binder film was
performed via stress—strain analysis. As shown in Figure 3a,
the PGC film achieved 50.08% strain before fracture, which
was much higher than that of PAA (8.43%) and PG (39.39%),
indicating that the PGC binder network with cross-linking
reconfiguration is strong, adaptable to deformation, and able to
withstand high stress. The -CD component in the cross-
linking reconfiguration binder dissipates stress in the polymer
network and adapts to deformation through molecular ring
movement, thereby reconfiguring the cross-linking coordina-

16823 https://doi.org/10.1021/acsami.4c00590

ACS Appl. Mater. Interfaces 2024, 16, 16820—16829


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00590/suppl_file/am4c00590_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00590?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00590?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00590?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00590?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 5. (a—c) SEM image of a silicon electrode surface following 100 cycles at 2 A g”". (d—f) Cross-sectional scan images of silicon electrodes

initially and (g—i) following 100 cycles.

tion. Consequently, the PGC polymer has excellent elongation
properties. The cross-linking action and rigid structure of f-
CD ensure sufficient network rigidity. Thus, the PGC binder
exhibits excellent elongation and strength simultaneously.

Peeling tests were conducted at a strain rate of 10 mm
min~!. As exhibited in Figure 3b, the peel strengths of Si-PG
and Si-PGC anode are higher than that of Si-PAA. The average
adhesion of Si-PGC is 5.2 N, which is close to that of Si-PG
(5.5 N) and much higher than that of Si-PAA (1.6 N). The
increase in adhesion is attributed to the cross-linking effect of
GN, which enhances the interaction between the polymers
while increasing the cohesion of electrodes. In addition to the
interactions between polymers, abundant polar groups
interacted with the oxide on the surface of the copper foil,
strengthening the adhesion of the active material to the foil.
After peeling, the Si-PAA electrode exposed more copper foil,
whereas the Si-PG and Si-PGC electrodes did not expose the
copper foil, as shown in Figure S4, which intuitively indicates
improved electrode adhesion following the addition of GN.

Typical load—displacement curves of various binder electro-
des are exhibited in Figure 3c. The indentation depth of the Si-
PGC electrode is lower than that of the Si-PG electrode and
higher than that of the Si-PAA electrode for a load of 0.5 mN.
The decreasing moduli and hardness of different electrodes
acquired by calculating load—displacement curves are shown in
Figure 3d. These results correlate with the performance results
indicated by the strain—stress curves of the binder: in the
silicon electrode, a moderate modulus and hardness endow the
electrode with better stress resistance and adaptability to
volume expansion. From the perspective of mechanical
properties, the PGC binder is therefore helpful in achieving
stable electrode cycling.

The wettability of the electrode and electrolyte influences
the kinetics of the electrode. We analyzed the wettability with
different binders using a contact angle test, demonstrating that
the Si-PGC electrode has a lower contact angle (16°) than Si-
PAA (25°) and Si-PG (18°) electrodes (Figure SS). This
indicates that the superior wettability of the PGC binder is
conducive to Li* diffusion within the silicon electrodes.

We conducted additional experiments to examine the
electrochemical stability of the PGC binder. The CV curves
are set to a voltage range of 0.01—3.0 V versus that based on
coin-type cells. Figure S6 shows that the CV curve of the
polymer film is identical to that of pure copper foil, and there is
no redox peak for polymer decomposition, indicating that the
PGC binder has good stability under the working potential.

Silicon anodes prepared with various binders were
assembled into half cells for evaluation. First, cyclic
voltammetry (CV) tests in the voltage range 0.01—1.2 V at
0.1 mV s~ were performed on the silicon anode prepared by
using each binder. As shown in Figure 4a, the cathodic peak at
~0.55 V during the first cathode scan corresponds to the
formation of SEI, whereas the peak at 0.1 V is caused by the
reaction of Li* with silicon to transform into a lithium—silicon
alloy. The delithium process at the anode showed oxidation
peaks at 0.37 and 0.52 V.** In subsequent cycles, the peak at
0.19 V is associated with the transition from a silicon to lithium
silicon alloy. Si-PAA and Si-PG exhibit similar curves (Figure
S7), reflecting the normal redox mechanism of silicon anode.

Figure 4b reveals the initial charge—discharge profiles. Si-
PGC shows an incipient discharge capacity of 3606 mAh g™" at
04 A ¢!, with the initial Coulombic efficiency of 84.2%
exceeding Si-PAA (79.6%) and Si-PG (81.1%). A rate test of
the silicon negative electrode was performed at different
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current densities. Owing to the PGC binder, the Si-PGC can
tightly connect the silicon particles to the conductive agent
while maintaining electrical contact. Subsequently, the
electrode retains a capacity of 931.6 mAh ¢! even at 8 A
¢! (Figure 4c), which is higher than those of Si-PAA (333.5
mAh g™') and Si-PG (798.2 mAh g™'). When the current is
recovered to 0.4 A g™, the capacity returns to 2765.4 mAh g/,
manifesting that PGC plays a key role in maintaining structural
stability. Figure 4d shows that Si-PGC still maintains a capacity
of 1809.0 mAh g™! at 2 A g~' while demonstrating a capacity
retention of 73.5% following 200 cycles, which is significantly
better than Si-PAA (639.1 mAh g™', 24.8%) and Si-PG (1229.1
mAh g~!, 51.4%). The above battery performance test results
illustrate that the PGC binder is better than simple line cross-
linking in long cycles while maintaining high capacity in
electrode cycles.

Figure 4f illustrates the long-term cycling performance of
anodes with various binders at 4 A g™'. Following 300 cycles,
the capacity remains at 1023.8 mAh g~'. When the high-load
silicon electrode was examined, the Si-PGC with a load of 1.6
mg cm™" displayed an areal capacity of 3.19 mAh cm® at 1 A
g~ following SO cycles (Figure 4e). Illustrating that the
electrochemical performance of PGC binders with a cross-
linking reconfiguration function in a silicon negative electrode
is better than that of ordinary linear cross-linking-modified
binders. Carboxyl group-rich PAA, which occupies the largest
proportion, not only cross-links with functional groups such as
—NH and —OH, but also forms hydrogen bonds with hydroxyl
groups on the surfaces of silicon particles, which increases the
interaction inside the electrode sheet while enhancing the
adhesion ability.”**° Because GN has many carboxyl and
amino groups, it easily cross-links with other polymers. The
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polymer film was found to exhibit better elasticity after
addition of GN to the PAA matrix. As a cyclic polymer with a
unique structure and rich hydroxyl groups on its surface, f-CD
can be cross-linking with polar groups in the network and
exhibit a molecular movement effect. When the polymer
network deforms, the stress concentrated through the
molecular ring motion of B-CD is dispersed and a new
cross-linking coordination conformation is established and
transformed to adapt to the deformation. Thus, the generated
strain can be dissipated in the intense volume expansion by
adding #-CD, to improve the stabilization of capacity during
cycling of silicon negative electrodes.

To further verify the ability of the PGC binder to maintain
the electrode structure, we employed SEM for observation.
Before cycling, all electrode surfaces were smooth and flat, as
shown in Figure S9. However, following 100 cycles at 2 A g_l,
multiple wide cracks on the surface of the Si-PAA electrode
emerge, whereas the Si-PG electrode emerges significantly less
and smaller cracks. The Si-PGC electrode showed the fewest
cracks with the narrowest width (Figure Sa—c). SEM images of
the surface demonstrated that the higher modulus of the PGC
binder can withstand the stress caused by volume expansion
and that the binder can dissipate the stress caused by strain
through the molecular motion action, thereby maintaining a
good electrode structure. The digital image of the electrode
after 100 cycles shown in Figure S10 is consistent with the
above results. Figure Sd—f presents cross-sectional SEM
images. The thicknesses of the pristine Si-PAA, Si-PG, and
Si-PGC electrodes were 23.79, 21.61, and 22.87 um,
respectively. Figure Sg—i presents that the thickness of Si-
PGC increased to 30.99 um following 100 cycles. The 35%
expansion rate of Si-PGC was drastically lower than that of Si-
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PAA (77%) and Si-PG (47%), further illustrating the inhibition
effect of negative electrode volume expansion in the PGC
binder.

Atomic force microscopy (AFM) was used to measure
variability in the anode surface roughness to observe the
microscopic surface structure of the anode. Based on 3D
topography of the electrode surface (Figure 6a—c), the three
electrodes exhibited similar surface roughness before cycling,
which match the SEM image. The 3D surface roughness of Si-
PGC slightly increased to 50.61 nm (Figure 6f) following 100
cycles at 2 A g”'. In comparison, Si-PAA exhibited a sharp
increase in surface roughness (66.04 nm). Although Si-PG
exhibited a slightly lower surface roughness, the 3D surface
image of Si-PGC showed a smoother surface. The smaller
change in surface roughness and smoother 3D surface image
confirm the role of the cross-linking reconfiguration network
based on PGC binders in suppressing volume expansion and
maintaining the electrode structure.

The electrode structure characterization results show a
strong correlation with the cycle data of the battery, proving
that the PGC binder slows capacity attenuation by stabilizing
the electrode structure.

The electrochemical kinetics of Si anodes before and after
cycling were evaluated using EIS. As shown in Figure 6g—i, the
fitting results of the EIS spectra of the silicon electrode are two
semicircles and a straight line. Solid electrolyte interfacial
resistance (Rgg;) is represented by a semicircle in the high-
frequency range, whereas the charge transfer resistance (R,,) is
in the midfrequency range. The fitting confirms that the Si-
PGC electrode has the lowest resistance among the three
electrodes. As previously mentioned, the PGC binder is more
closely related to the electrolyte, which reduces the internal
impedance of the battery. As shown in Table S1, R (25.78 Q)
and Rgg; (25.63 Q) of the Si-PGC electrode were also minimal
after at 2 A g™ following 100 cycles. The lower resistance is
dependent on the cross-linking reconfiguration of the polymer
network that adapts to the volume expansion of silicon, leading
to fewer cracks on the electrode surface after cycling. Because
the electrode structure is maintained, a stable SEI layer is
generated, and favorable electrical contact is ensured.

The stability of the silicon anode and ion transport were
significantly influenced by the SEI layer. To analyze the
chemical composition of the SEI layer, XPS was used to

characterize the silicon electrode following 100 cycles. Figure
7a hints that the peaks in the XPS C 1s spectra are located at
284.8 eV (C—C), 286.5 eV (C—0), 288.0 eV (—~COOLIi), and
290.0 eV (Li,CO,).*” Contrast Si-PG and Si-PAA electrodes,
the Li,CO; and —COOLi peaks of the Si-PGC anode are
weakest, indicating that less Li,CO; and —COOLi are
generated on the Si-PGC surface. This result reflects the
PGC binder maintaining a stable electrode structure and
reducing rupture of SEI, leading to the minimal amount of
electrolyte to be decomposed. Figure 7b presents F 1s spectra
of two peaks at 684.7 eV (LiF) and 686.8 eV (Li,PO,F,).**"
LiF is an excellent ionic conductor with high mechanical
strength, and Li,PO,F, affects the flexibility of the SEI layer;
thus, the ratio of the two compounds plays a crucial role in
stabilizing the electrode structure. Figure 7b shows that the F
Is spectrum of the Si-PGC electrode surface has an
appropriate ratio of Li,PO,F, to LiF, which ensures the Li*
transport kinetics and flexibility of the SEI, avoiding excessive
contact with the electrolyte and reducing resistance.”” These
results indicate that the cross-linking reconfiguration network
can inhibit electrolyte decomposition, form a more compatible
SEIL, and improve ion transport, which is in line with EIS
results.

To verify the advantages of the cross-linking reconfiguration
network structure in maintaining the stability of the silicon
negative electrode, we replaced B-CD with PVA, a one-
dimensional chain polymer containing hydroxyl groups. The
1D cross-network binder prepared with PVA, PAA, and GN
using the same method and ratio is referred to as PGA. First,
we performed a stress—strain analysis to mechanically
characterize the PGA film, as shown in Figure S12. The
29.46% elongation exhibited by PGA was less than the
elongation of 50.08% of that of PGC, and the curve was similar
to that of PG. However, the maximum stress was only 27.7
MPa, which is much smaller than the values of 47.2 and 41.8
MPa obtained by PGC and PG, respectively. Because PVA is a
flexible chain segment, the flexibility of the polymer network
system is elevated following the addition of PVA; however, this
does not provide sufficient strength.”*' Moreover, PVA is only
a one-dimensional chain, and the coordination conformation
of the polymer network is locked between the polymer chains;
as stress accumulates during the stretching process, the chain
cannot adapt to the deformation by transforming the cross-
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linking coordination conformation.*” Ultimately, the cross-
linking structure is destroyed. In contrast, the ring-shaped f-
CD dissipates stress through molecular ring motion, establishes
a new cross-linking coordination conformation in the network,
and thereby exhibits much better elongation, as its rigid
structure and cross-linking action ensure a high tensile
strength. Our results demonstrate that different polymer
structures affect the mechanical properties of the binder
network, even within the same group, further explaining the
excellent tensile properties of the new cross-linking reconfigu-
ration binder. We also mixed the PGA binder with silicon
particles and a conductive agent to prepare a Si-PGA electrode.
Under the same test conditions, the cyclic performance of Si-
PGA was significantly lower than that of Si-PGC (Figure S12),
demonstrating the advantage of the ring-slip polymer network
structure in maintaining the cyclic stability of the silicon
electrode.

3. CONCLUSIONS

We propose a novel adhesive with cross-linking reconfiguration
functionality, wherein PAA serves as the supporting main chain
that provides abundant carboxyl groups (—COOH) to form a
cross-linking network with GA. B-CD, which possesses
abundant hydroxyl groups and a cyclic structure, can form
hydrogen bonds cross-linking with PAA while relieving stress
accumulation in the polymer chains through molecular ring
motion to reconfigure cross-links. In half-cell experiments, the
silicon anode prepared with a PGC adhesive achieved 1809
mAh g™ following 200 cycles at 2 A g™', with a capacity
maintenance ratio of 73.5%. Cross-linking in the PGC system
was investigated, and a comparison between linear and cyclic
polymers confirmed the improved performance of the latter. In
summary, we formulated a simple strategy to enhance the
stability and cycling performance of silicon anodes.

4. EXPERIMENTAL SECTION

4.1. Synthesis of PGC. First, 1.0 g of PAA was dispersed in 9 mL
of water with mechanical stirring for S h, and GN solution (10%) was
prepared from 1 g of GN and 9.0 g of deionized water temperature of
50 °C. p-Cyclodextrin was dissolved in deionized water to form a
1.5% solution.

After ammonium hydroxide solution (0.18 g) was then added to
neutralize PAA solution (3.6 g, 10 wt %) stirring at room temperature
for 2 h, GN solution (0.9 g, 10 wt %) was added. This mixture was
stirred for 6 h before adding 0.5 g of #-CD solution. The PGC binder
was obtained by stirring for 4 h. PG binder is obtained without adding
P-cyclodextrin.

4.2. Preparation of Electrodes. Mixing silicon powder was
mixed with super P and binders (weight ratio of 60:20:20). Applying
the slurry mixed evenly paste to the copper foil using a spatula then
dried at 80 °C in a vacuum oven for 24 h.

4.3. Electrochemical Tests. For half cells, lithium metal as
counter electrode and obtained electrodes were used as working
electrodes, and Celgard 2500 membrane as a separator. Assembling
CR 2032-type coin cells were placed in an Ar-filled glovebox. The
electrolyte contained 1.0 M LiPF6 in EC/DEC (v/v 1:1) with 10 wt
% fluoroethylene carbonate (FEC) additive. The half cells
galvanostatic charge/discharge test were cycled between 0.01 and
1.2 V, using the Neware battery test. The Si anodes were precycled for
three cycles at 0.4 A g™', and then subsequent cycle performance was
at the specific current density. Electrochemical impedance spectros-
copy (EIS) of the cells with different cycles was recorded by a
Solartron electrochemical workstation between 0.01 and 10° Hz with
an amplitude of S mV. Cyclic voltammetry (CV) was performed on

the CHI660E electrochemical workstation between 0.01 and 1.2 V at
a scan rate of 0.1 mV s L.
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