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ABSTRACT: Silicon (Si) is a promising anode material for next-

generation lithium-ion batteries (LIBs), but the huge volume

change of Si particles causes anode fracture and delamination from

the current collector, thereby stifling practical implementation.

Herein, a high-toughness and hierarchical stress-dissipating binder

for Si anodes is prepared by the covalent and hydrogen bonding of

poly(acrylic acid) (PAA) and a cross-linked polyurethane (CPU).

The physicochemical dual-cross-linked CPU-PAA binder with high

toughness, large tensile strength, and hierarchical stress dissipation

improves the structural integrity of Si anodes and minimizes

thickness swelling. Finite element analysis confirms that the CPU-

PAA binder reduces and uniformizes the stress distribution within

the Si anodes during cycling. As a result, the Si/CPU-PAA anode

shows a high capacity retention of 82.3% after 150 cycles at a high current density of S A g~'. Moreover, the Si/CPU-PAA//
LiNiysCog,Mn, 30, full cell delivers stable cycling performance, highlighting the great potential of the CPU-PAA binder in high-
energy-density LIBs. This work provides insights into the design of high-strength, large-toughness, and efficient stress-dissipating
binders for high-performance Si anodes.
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1. INTRODUCTION

The rapid development of portable electronics and electric/
hybrid vehicles is spurring the demand for lithium-ion batteries

incapable of accommodating the large expansion of Si upon
lithiation due to the weak van der Waals force,'” resulting in
detachment of Si particles and poor cycling stability of the

(LIBs) with high energy densities."” Silicon (Si) is a promising
anode material for high-energy-density LIBs because of the
high theoretical capacity (4200 mAh g™'), which is more than
ten times that of graphite (372 mAh g_l).3’4 However, the
large volume change (>300%) of Si during lithiation/
delithiation causes materials pulverization, as well as the
repeated rupture and reconstruction of the solid electrolyte
interface (SEI), further resulting in rapid capacity fading.’
Nanostructured Si materials, such as nanoparticles and
nanowires, can restrain particle pulverization and enhance
cycling stability compared to their bulk counterparts.™®
However, the repetitive volume expansion and contraction of
Si during lithiation/delithiation lead to electrode cracking and
delamination, consequently hampering the implementation of
Si anodes in high-energy-density LIBs. Developing efficient
binders is a feasible strategy to maintain the structural integrity
of Si anodes and extend their cycling lifespan.

Binders are important components in anodes as they bind
the active materials and conducting agents on the current
collector.”™" However, the common binders in graphite
anodes, such as poly(vinylidene fluoride) (PVDF), are
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battery. The native oxide on Si contains abundant silanol (Si—
OH), which can form hydrogen bonds with polar functional
groups (e.g, —COOH, —OH, and —NHZ).B_18 Therefore,
polymers such as carboxymethyl cellulose (CMC)'”*° and
poly(acrylic acid) (PAA)*'~* have been proposed as binders
for Si anodes. PAA has abundant carboxyl groups,” which
could form hydrogen bonds with Si—OH groups on the Si
surface. Moreover, cross-linked binders based on linear PAA
skeleton have been proposed by covalent or physical cross-
linking with highly functionalized molecules such as citric
acid*?® and phytic acid.””*®* These PAA-based binder
networks prevent the sliding of the linear PAA chains,
enhancing the adhesion to Si anodes by forming a robust
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Figure 1. Schematic illustration of the structure of the CPU-PAA binder and Si/CPU-PAA anode. (a) Chemical structure of the CPU-PAA binder
and interactions within the Si/CPU-PAA anode. (b) Structural change of the Si/CPU-PAA anode during cycling. (c) Schematic diagram of the

hierarchical stress-dissipating network in the Si/CPU-PAA anode.

cross-linked network. However, most of the previously
reported PAA-based cross-linked binders display high modulus
and poor deformability,””*° which are inadequate to address
the large volume expansion of Si due to their high mechanical
stiffness,’ especially at high charging/discharging rates.
Recently, elastomers containing soft segments, such as carboxyl
nitrile rubber (XNBR),”” styrene—butadiene rubber (SBR),”
and polyurethane (PU),**™*° are incorporated into PAA-based
binders to balance mechanical strength and toughness.’”
Although elastomers can buffer the volume change of the
active Si materials by enhancing elasticity, these binders still
suffer from poor and uneven stress dissipation due to
insufficient intermolecular interactions between the soft
elastomers and rigid PAA chains. The uneven stress dissipation
in Si anodes produces a localized stress concentration, which in
turn compromises the structural integrity of Si anodes during
cycling. Up to now, it is still challenging to produce high-
performance binders with high strength, toughness, and
efficient stress dissipation for Si anodes.

Herein, a binder boasting high strength, large toughness, and
a hierarchical stress-dissipating network is designed for Si
anodes by the physicochemical dual-cross-linking of PAA and a
cross-linked polyurethane (CPU). The molecular structure and
intermolecular interactions of the CPU-PAA binder are
depicted in Figure la. Specifically, the abundant —OH groups
on the three-dimensional (3D) CPU spontaneously form

hydrogen bonds with —COOH groups on PAA and Si—OH
groups on the Si surface as well as covalent bonds through the
in situ esterification reaction. By physicochemically dual-cross-
linking the 3D soft CPU segments with the rigid PAA skeleton,
the CPU-PAA binder delivers both high strength and
toughness and is capable of accommodating the large volume
expansion of Si. Moreover, abundant hydrogen bonds and
covalently branched chains synergistically assemble a hier-
archical stress-dissipating network in the Si/CPU-PAA anode
(Figure 1b,c), efficiently distributing and homogenizing
expansion stress to maintain the integrity of Si anodes during
cycling. Finite element simulation reveals that the average
stress in the Si/CPU-PAA anode at the 100% state of charge
(SOC) is 72.4% of that in the Si/PAA anode. Consequently,
the Si/CPU-PAA anode retains 82.3% of its initial capacity
after 150 cycles at a high current density of S A g™', and the Si/
CPU-PAA//LiNi;sC0y,Mng30, (NCM) full cell exhibits a
high capacity retention of 83.5% after 60 cycles at 0.2 C. The
results presented in this work provide insights into the design
of high-performance binders for Si anodes.

2. EXPERIMENTAL SECTION

2.1. Materials. Nano silicon powder (Si, 100—200 nm),
poly(acrylic acid) (PAA, M,y = 450 000), hexamethylene
diisocyanate (HDI), poly(tetrahydrofuran) (PTMEG, M, ~
1000), p-glucitol (DG), and adipic acid dihydrazide (ADH)
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Figure 2. Chemical structure characterization of the polymers. (a) *C NMR spectra of HDI, LPU, and CPU. (b) ATR-FTIR spectra of MA, DG,
LPU, and CPU. (c) Shear viscosity of the LPU and CPU solutions with the insets showing pictures of the solutions. (d) ATR-FTIR spectra of PAA,
CPU, and CPU-PAA. (e) 'H NMR spectra of PAA and CPU-PAA. (f) Temperature-dependent ATR-FTIR spectra of CPU-PAA.

are purchased from Shanghai Aladdin Bio-Chsem Technology
Co., Ltd. Melamine (MA), ditin butyl dilaurate (DBTDL), and
dimethylacetamide (DMAC) are obtained from Sinopharm
Chemical Reagent Co., Ltd. All of the reagents are used
without further purification.

2.2, Synthesis of CPU and CPU-PAA Binder. PTMEG
(0.5 g, 0.5 mmol) and HDI (0.168 g, 1 mmol) are added to
DMAC solution and reacted at 80 °C for 3 h under an argon
atmosphere. DBTDL (0.01 g, 0.015 mmol) is used as the
catalyst. Subsequently, the cross-linker MA (0.0126 g, 0.1
mmol) and chain extender DG (0.0728 g, 0.4 mmol) are
introduced into the reaction mixture, and the reaction is
continued at 40 °C for 15 h. The product solution is then dried
and washed with deionized water to obtain the CPU. In the
synthesis of LPU, MA is omitted, and the chain extender ADH
(0.087 g, 0.5 mmol) is used in place of DG. All other steps are
identical to those in the synthesis of CPU. Subsequently, PAA
is dissolved in the above CPU or LPU solution, maintaining a
mass ratio of PAA to CPU or LPU at 95:5. The LPU-PAA
binder is prepared by drying the mixed solution of LPU and
PAA at 80 °C. The CPU-PAA binder is obtained by drying the
mixed solution of CPU and PAA at 80 °C, followed by heat
treatment at 120 °C for 2 h to facilitate in situ esterification.

2.3. Preparation of Si/CPU-PAA Anodes. Si nano-
particles and Super P are added to a mixed solution of PAA
and CPU or LPU, respectively, at a mass ratio of 8:1:1 for Si,
binder, and Super P. The slurry is stirred and coated onto the
Cu foil, which is fully dried at 80 °C to obtain Si/LPU-PAA
anodes. To obtain the Si/CPU-PAA anodes, Si anodes coated
with a mixed solution of PAA and CPU are dried at 80 °C and
then heat-treated at 120 °C for 2 h. The Si mass loading of the
anodes is about 1 mg cm™.

2.4. Characterization and Measurements. Attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR, Nicolet iS 10 spectrophotometer), scanning
electron microscopy (SEM, Hitachi Regulus 8100), nuclear

magnetic resonance (NMR, BRUKER AVANCE 400), gel
permeation chromatography (GPC, Breeze 2 HPLC system),
X-ray photoelectron spectroscopy (XPS), and atomic force
microscopy (AFM, Bruker Dimension ICON) are used to
analyze the structure and composition of the materials.

2.5. Finite Element Analysis. The finite element analysis
is conducted using the COMSOL software by the electro-
chemical and solid mechanics mode. The key parameters input
into the model are listed in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Design and Characterization of CPU and CPU-
PAA. Figure S1 illustrates the synthesis of the 3D CPU by the
condensation reaction of HDI, PTMEG, DG, and MA. For
comparison, linear polyurethane (LPU) is synthesized by the
condensation reaction of HDI, PTMEG, and ADH without
MA and DG (Figure S2). Gel permeation chromatography
(GPC) analysis reveals that LPU and CPU have similar
molecular weights (Table S1). The chemical structures of
CPU, LPU, CPU-PAA, and LPU-PAA are determined by
nuclear magnetic resonance (NMR) and attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectros-
copy. In the *C NMR spectra of LPU and CPU, the large peak
at 120 ppm corresponding to the isocyanate group (N=C=
O) of HDI disappears (Figure 2a), while a new peak at 170
ppm arising from the urethane unit (—NHCOO-) of
polyurethane emerges. The ATR-FTIR spectra (Figure 2b)
show that the double peaks of —NH, groups at 3419 and 3469
cm™ in MA vanish in CPU, revealing that the three —NH,
groups in the MA molecule are covalently bonded with the
HDI, PTMEG, and DG molecular chains, forming a 3D cross-
linked CPU network structure as schematically shown in
Figure la. Moreover, the introduced DG molecule contains six
—OH groups, and the ATR-FTIR spectra of DG and CPU
exhibit strong C—OH peaks at 1045 cm™'. The abundant
—OH groups along the CPU chains enhance molecular
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Figure 3. Mechanical properties of the polymers. (a) Stress—strain curves of CPU and LPU from the 1st to 3rd stretching cycles at a fixed
elongation of 300%. (b) Comparison of tensile strength and elongation. (c) Comparison of toughness of different binders. (d) Comparison of
tensile strength and toughness of binders in this work with binders reported in the literature studies. (e) Comparison of Young’s modulus and
hardness of different binders. (f) Force—displacement curves of Si anodes with different binders; inset: a schematic of the peeling experiment.

cohesion via interchain hydrogen bonds,***” and therefore, the

CPU solution shows much higher viscosity than the LPU
solution (Figure 2c).

The CPU-PAA binder is prepared by mixing CPU with
PAA, followed by heat treatment at 120 °C for 2 h (Figure S3).
The —C=0 peak at 1705 cm™" of PAA red shifts to 1695
cm™ in CPU-PAA (Figures 2d and S4), indicating that the
—OH groups of CPU form covalent ester linkages with the
—COOH groups of PAA. The 'H NMR spectrum in Figure 2e
reveals the downfield shift of the proton peak of —COOH
from 12.2 ppm for PAA to 12.4 ppm for CPU-PAA. Moreover,
the peak is broadened due to the deshielding effect of
interchain hydrogen bonds,"”*" suggesting the formation of
abundant hydrogen bonds between PAA and CPU. The
temperature-dependent ATR-FTIR spectra (Figure 2f) show
that the peak at 1730 cm™ for free —COOH groups gradually
intensifies with temperature due to the disassociation of
hydrogen bonds, further confirming the presence of abundant
hydrogen bonding in CPU-PAA.** The 3D soft CPU segments
and rigid PAA skeleton are physicochemical dual-cross-linked
by hydrogen bonds and covalent ester linkages in CPU-PAA.
Therefore, the CPU-PAA binder is expected to have high
strength, large toughness, and a hierarchical stress-dissipating
network. In contrast, the soft LPU segments and rigid PAA
chains in the LPU-PAA binder are physically mixed without
cross-linking (Figure SS), resulting in poor toughness and
stress-dissipating properties.

3.2. Mechanical Properties of CPU and CPU-PAA.
Tensile tests are conducted to evaluate the mechanical
properties of CPU, LPU, CPU-PAA, and LPU-PAA polymers.
As shown in Figure S6, CPU has excellent mechanical strength
(14.1 MPa) and elongation (2340%), which are significantly
higher than those of LPU (7.2 MPa and 536%). During
repeated stretching with a fixed elongation of 300% and
relaxation time of 30 min, the stress in LPU at a given strain
decreases progressively from the first to the third stretching
cycle. However, the three stress—strain curves of CPU nearly

overlap (Figure 3a), demonstrating the excellent mechanical
dissipation and resilience of CPU.”> The improved tensile
strength, elongation, and resilience of CPU over LPU are
primarily attributed to the robust 3D structure formed by
integrating the three linear soft segments with the MA cross-
linker.

CPU is further physicochemically dual-cross-linked with
PAA to form the CPU-PAA binder with exceptional tensile
strength of 28.0 MPa and elongation of 19.2% (Figure 3b),
surpassing those of the LPU-PAA (10.5 MPa and 14.0%), PAA
(7.4 MPa and 1.8%), and previously reported binders (Figure
S7—S8). Based on the stress—strain curves in Figure S9, the
CPU-PAA binder has a calculated toughness of up to 31.5 MJ
m > (Figure 3c), which is better than those of LPU-PAA (10.2
MJ m~3) and PAA binders (2.5 MJ m™?). Figure 3d and Table
S2 compare the toughness and tensile strength of CPU-PAA
with those of other reported binders, revealing that the CPU-
PAA binder has the highest toughness and offers the optimal
balance between toughness and tensile strength. Moreover, the
CPU-PAA binder has the lowest Young’s modulus and
hardness (7.0 and 0.3 MPa) compared to the LPU-PAA (8.7
and 0.5 MPa) and PAA binders (10.1 and 0.6 MPa), as shown
in Figures 3e and S10. The CPU-PAA binder combines the
mechanical advantages of 3D soft CPU and rigid PAA skeleton
through physicochemical dual-cross-linking, effectively meeting
the binder requirements for Si anodes during cycling and
maintaining their structural integrity.

The adhesion strengths of Si/CPU-PAA, Si/LPU-PAA, and
Si/PAA to the Cu current collector are evaluated by 180°
peeling experiments, as shown in the inset of Figure 3f. The Si/
CPU-PAA anode demonstrates an average peeling force of
13.7 N, which is higher than those of the Si/PAA (4.0 N) and
Si/LPU-PAA (42 N) anodes. The improved interfacial
adhesion of the Si/CPU-PAA anode to the Cu foil stems
from the enhanced interactions between Si particles, Cu
interface, and 3D CPU-PAA chains due to abundant 3D
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Figure 4. Electrochemical properties of the Si anodes with the PAA, LPU-PAA, and CPU-PAA binders in Si//Li half-cells and NCM//Si full cells.
(a) Rate performance of the Si anodes (Si mass loading ~ 1 mg cm™2) in half-cells. Cycling characteristics of the Si anodes (Si mass loading ~ 1 mg
cm™?) in half-cells at (b) 1A g™, (c) SA g™, and (d) 1 A g~" with a fixed capacity of 1500 mAh g™". (e) Cycling characteristics of the Si anodes in
half-cells at 1 A g~" with a high Si mass loading of 1.5 mg cm™2. (f) Cycling characteristics of the Si/ CPU-PAA and Si/PAA anodes (Si mass loading

~ 1.5 mg cm™) in NCM//Si full cells at 0.2 C.

Figure S. Morphology of the Si/PAA, Si/LPU-PAA, and Si/ CPU-PAA anodes before and after 50 cycles in Si//Li half-cells. (a—c) Side-view SEM
images of different Si anodes before cycling. (d—f) Side-view SEM images of different Si anodes after cycling. (g—i) Top-view SEM images of
different Si anodes after cycling. (j—1) 3D AFM images of different Si anodes after cycling.

hydrogen bonding, which is crucial to mitigate the
delamination of active materials from the Cu current collector.

3.3. Electrochemical Characteristics. The electrochem-
ical stability of the binders is evaluated by linear sweep
voltammograms (LSV) and cyclic voltammetry (CV).*** As
shown in Figure S11, no oxidation or reduction peaks
associated with PAA, LPU-PAA, and CPU-PAA are observed

between 0.01 and 4.6 V, indicating excellent electrochemical
stability in a wide electrochemical window. The CV curves of
Si/PAA, Si/LPU-PAA, and Si/CPU-PAA anodes exhibit
similar shape. The reduction peak around 0.2 V is ascribed
to the transformation of Si to Li,Si, while the oxidation peaks
at 0.3 and 0.5 V correspond to the two dealloying processes of
Li,Si to Si (Figure S12).
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Figure 4a depicts the rate performance of Si/PAA, Si/LPU-
PAA, and Si/CPU-PAA anodes in Si//Li half-cells from 0.01
to 1.0 V, and the related charge—discharge voltage curves are
presented in Figure S13. The Si/CPU-PAA anode exhibits
specific capacities of 2956, 2592, 2364, 2025, 1700, 1418, and
1177 mAh g_1 at 0.1,0.5,1,2,3,4,and S A g_l, respectively,
which are higher than those of the Si/LPU-PAA and Si/PAA
anodes. In long-term operation, the Si/CPU-PAA anode shows
a specific capacity of 1903 mAh g~' and a capacity retention of
83.2% after 200 cycles at 1 A g~' (Figure 4b), surpassing the
Si/LPU-PAA (65.4%) and Si/PAA (59.6%) anodes. Even at a
high current density of S A g~' (Figure 4c), the Si/CPU-PAA
anode retains 82.3% of the capacity after 150 cycles, which
significantly outperforms the Si/LPU-PAA anode (53.5%), Si/
PAA anode (38.4%), as well as previously reported Si anodes
(Figure S14). Figure 4d depicts the cycling stability of the Si
anodes with a fixed specific capacity of 1500 mAh g™' at 1 A
g~'. The Si/CPU-PAA anode shows a lifespan of 400 cycles,
whereas the Si/LPU-PAA and Si/PAA anodes exhibit
significant capacity degradation before 300 and 250 cycles,
respectively. Remarkably, the Si/CPU-PAA anode maintains
high capacity retention of 88.5% and 83.3% after 100 cycles at
Si mass loadings of up to 1.5 and 2.1 mg cm™?, respectively
(Figures 4e and S15), significantly outperforming the Si/PAA
anodes, which show a capacity retention of 65.0 and 63.6%,
respectively. The hierarchical stress-dissipating binder network
with high toughness in the Si/CPU-PAA anodes effectively
reduces stress distribution and enhances structural integrity,
thereby enabling enhanced electrochemical performance.

The practicability of the CPU-PAA binder is explored using
full cells assembled with the Si/CPU-PAA, Si/PAA anodes,
and NCM cathodes. After 60 cycles at 0.2 C (Figure 4f), the
Si/CPU-PAA//NCM full cell shows higher capacity retention
of 83.5% than the Si/PAA//NCM full cell (60.0%). Addition-
ally, the Si/CPU-PAA//NCM full cell achieves an average
Coulombic efficiency of 97.7%, which surpasses 96.6% for the
Si/PAA//NCM full cell. The results further confirm the great
potential of the CPU-PAA binder for Si anodes in high-energy-
density LIBs.

3.4. Electrode Morphology Characterization. In order
to determine the influence of the binders on the structural
changes of Si anodes, scanning electron microscopy (SEM) is
used to observe the morphology before and after S0 cycles.
The thickness fluctuations of the anodes are visualized using
cross-sectional SEM images. Figure Sa—c shows that the initial
thicknesses of the Si/PAA, Si/LPU-PAA, and Si/CPU-PAA
anodes are about 18 ym with Si mass loading of 1 mg cm™.
After 50 cycles, the thicknesses of the Si/PAA and Si/LPU-
PAA anodes increase to 27 and 24 um (Figure 5d,f),
corresponding to swelling ratios of 50.0 and 33.3%. However,
the thickness of the Si/CPU-PAA anode increases slightly to
20 pm, exhibiting a low swelling ratio of 11.1%. Figures 5d,g,
and S16 reveal that the Si/PAA anodes fracture after 50 cycles
due to the poor toughness and sliding of linear PAA molecular
chains. Although LPU-PAA enhances the toughness and
restrains the detachment of the Si/LPU-PAA anode and the
cross section of the Si/LPU-PAA anode is relatively integrated,
the top-view SEM image in Figure Sh reveals the presence of
many cracks in the Si/LPU-PAA anodes. In contrast, the top-
view and cross-sectional SEM images of the Si/CPU-PAA
anode after 50 cycles show a crack-free and smooth
morphology (Figure Sf,i), which is very similar to the Si/
CPU-PAA anode before cycling (Figure S17).

The surface morphological changes of the Si/PAA, Si/LPU-
PAA, and Si/CPU-PAA anodes are also investigated by atomic
force microscopy (AFM), as shown in Figure 5j—1. Before
cycling, the anode surface is smooth with an average surface
roughness of nearly 25 nm (Figure S18). However, the surface
roughness of the Si/PAA anode increases dramatically to 254.0
nm after S0 cycles due to cracking. In comparison, the
roughness of the Si/LPU-PAA anode increases to 34.1 nm, and
that of the Si/CPU-PAA anode remains almost unchanged
(24.7 nm), further confirming the superiority of the
physicochemical dual-cross-linked CPU-PAA binder for
structural integrity.

The electrochemical impedance spectroscopy (EIS) of Si/
PAA, Si/LPU-PAA, and Si/CPU-PAA electrodes before and
after 200 cycles is shown in Figure S19 and Table S3. The Si/
PAA, Si/LPU-PAA, and Si/CPU-PAA electrodes have similar
values of charge transfer resistance (R.) before cycling.
However, the R, values of the Si/PAA and Si/LPU-PAA
electrodes increase significantly to 148.3 and 119.4 Q after 200
cycles. By contrast, the R, of the Si/CPU-PAA electrode
increases slightly to 85.2 € after 200 cycles, suggesting more
efficient charge transfer enabled by the CPU-PAA binder due
to the enhanced toughness and stress dissipation performance.
After cycling, the strong LiF signal peak in the XPS spectra
indicates a LiF-rich lazrer on the surface of Si/CPU-PAA
electrode (Figure S20). ¢

3.5. Finite Element Simulation. Finite element analysis is
performed to study the stress evolution and distribution in the
Si/PAA and Si/CPU-PAA anodes at different SOC.*” A 3D
geometric model with spherical Si particles randomly
distributed in the binder matrix is constructed using the
COMSOL software (Figure 6a—c), and the relevant
parameters are depicted in Table S4.

During the lithiation process, Si particles are lithiated to
form Li;sSiy, and the huge volume change causes a large
expansion stress in the Si/PAA and Si/CPU-PAA anodes.
Figure 6d,e depicts the cross-sectional views of the stress
distributions in the Si/PAA and Si/CPU-PAA anodes at
different SOC. The results show that expansion stress is locally
concentrated within the Si/PAA anodes. However, the stress
concentration in the Si/CPU-PAA anode is significantly
relieved. Figure 6f shows the average stress in the Si/CPU-
PAA and Si/PAA anodes during lithiation. In 100% SOC, the
average stress of the Si/CPU-PAA anode is 108.0 MPa, which
is much lower than the 149.1 MPa of the Si/PAA anode. The
simulation results are derived from our experimental data
(Figure S21a) and the theoretical work of Cui’s group™
(Figure S21b), which show a strong correlation with the
experimental results on electrode volume expansion and
cracking.

4. CONCLUSIONS

A novel physicochemical dual-cross-linked binder is designed
and fabricated for Si anodes via the covalent and hydrogen
bonding of 3D soft CPU segments and rigid PAA skeleton.
The physicochemical dual-cross-linked binder exhibits high
toughness, large tensile strength, large antipeeling capability,
and low Young’s modulus, enhancing the structural integrity of
Si anodes during cycling and minimizing anode swelling. Finite
element analysis reveals that the CPU-PAA binder reduces and
uniformizes the stress distribution of the Si anode during
lithiation, giving rise to a low average stress in the Si/CPU-
PAA anode, which is 72.4% of that in the Si/PAA anode.
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Figure 6. Structure and stress evolution of Si anodes during lithiation
by finite element analysis. Stress distributions of (a) Si particles, (b)
Si/PAA anodes, and (c) Si/CPU-PAA anodes during lithiation.
Cross-sectional views of the stress distributions of (d) Si/PAA and (e)
Si/CPU-PAA anodes at different SOC. (f) Comparison of the average
stress in the Si/PAA and Si/CPU-PAA anodes at different SOC.

Owing to these merits, the Si/CPU-PAA anode exhibits a high
capacity retention of 82.3% after 150 cycles at a large current
density of S A g~'. Moreover, the Si/CPU-PAA//NCM full
cell shows a low-capacity decay of 0.27% per cycle at 0.2 C.
The enhanced cycling stability results from the physicochem-
ical dual-cross-linked CPU-PAA binder, which combines the
advantages of the 3D soft CPU segments with the rigid PAA
skeleton and further forms an efficient hierarchical stress-
dissipating network in the Si/CPU-PAA anodes. The results
provide novel insights into the development of high-perform-
ance binders for Si anodes in high-energy-density LIBs.
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Characterization
Tensile strength and 180° peeling tests

The shear viscosity is determined on the HAAKE MARSG60, and the stress-strain and
180° peeling tests are performed on an automatic tensile tester (PARAM). In the tensile
strength test in the dry state, the binder membranes are cut into strips of 1 cm x 4 cm and
tested at a stretching speed of 25 mm min-1. The tensile strength tests are carried out in the
wet state by immersing the samples in the liquid electrolyte for 100 h before testing. For
dynamic mechanical tests, tensile tests are repeated 5 times for each sample. In the 180°
peeling tests, the Si electrodes are cut into strips of 2.5 cm x 4 cm, and the samples are
peeled at a speed of 5 cm min-L,

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)

In the LSV test, the PAA, LPU-PAA, and CPU-PAA binder membranes are the
separators, and steel and lithium are the counter electrodes. The coin cells assembled are
tested in the voltage range of 0 to 5 V. In the CV test, Si//Li half-cells are assembled and
assessed in the voltage range of 0.01 to 2.0 V at a scanning rate of 0.1 mV s, and Cu//Li
half-cells are assembled and assessed in the voltage range of 0.01 to 1.5 V at a scanning
rate of 0.2 mV s
Rate and cycle testing
The half-cells are charged/discharged at 0.01-1.0 V, with each cell containing 60 uL of the

liquid electrolyte (1M LiPFg in EC: DEC = 1:1 vol % with 10% FEC and 1% VC). With
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regard to the full cells, the cathodes and anodes are NCM and Si, respectively, and the N/P
ratio is 1.0-1.05. The full cells are charged/discharged at 2.7-4.3 V.
Finite Element Analysis

The finite element analysis (FEA) is conducted using the COMSOL software using the
electrochemical and solid mechanics mode. A 3D geometric model is constructed to cater
to the specifics of the battery system and electrode configuration. The microscale geometry
3D microstructure is reconstructed based on the nanoscale X-ray computed tomography
data.! The upper surface of the model is a Li foil which is the counter electrode supplying
Li*. The separation between electrodes is established to emulate the diaphragm thickness.
The linear elastic material model is adopted to simulate the stress field caused by lithiation.
The solution in the electrochemical model is used to calculate the stress and deformation
of the binder and silicon particles. As the lithium concentration increased in the silicon
electrode, the materials expanded. The expansion is defined as a function of the local solid
lithium concentration (also considered as SOC) derived from our experimental data (Figure
S21a) and Cui’s theoretical work (mechanical property versus intercalation level for Li,Si,

Figure S21b).2 The key parameters input into the model are listed in Table S4.
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Figure S1. Synthesis and chemical structure of CPU.
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Figure S2. Synthesis and chemical structure of LPU.
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Figure S3. Synthesis and chemical structure of CPU-PAA.
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Figure S4. ATR-FTIR spectra of CPU+PAA and CPU-PAA.
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Figure S5. Chemical structure of LPU-PAA.
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Figure S6. Mechanical properties of LPU and CPU: (a) Stress-strain curves of LPU and

CPU and (b) Tensile strength and elongation of LPU and CPU.
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Figure S7. Pictures of the CPU-PAA binder during the stretching test after immersion in

the liquid electrolyte for 100 h.

S10



Figure S8. Comparison of the stress and strain of the CPU-PAA binder and thost of

similar binders in the literature.3-11
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Figure S9. Stress-strain curves of the PAA, LPU-PAA, and CPU-PAA: (a) Dry state and

(b) Wet state.
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Figure S10. Optical photographs of (a-c) PAA, (d-f) CPU, and (g-i) CPU-PAA polymer
films in the initial, folded, and twisted states, optical photographs of the (j) thickness, (k)

mass, and () load-bearing capacity of the CPU-PAA film.
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Figure S11. (a-b) LSV curves of PAA, LPU-PAA, and CPU-PAA. CV profiles of (c) bare
Cu foil, (d) Cu foil with PAA, (e) Cu foil with LPU-PAA, and (f) Cu foil with CPU-PAA

in Li//Cu cells between 0.01 V and 1.5V at 0.2 mV s
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Figure S12. CV curves of Si/PAA//LI, Si/LPU-PAA//LI, and Si/CPU-PAA//Li half-cells.
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Figure S13. (a) The first voltage-capacity curves of Si electrodes with different binds in

Si//Li half cells, and (b) comparison of the initial coulombic efficiency.
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Figure S14. Comparison of the capacity retention of the Si electrode with the CPU-PAA

binder with those of similar binders in the literature.® 11-17
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Figure S15. Cycling performance of Si/PAA and Si/CPU-PAA anodes with a Si mass

loading of 2.1 mg cm™.
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Figure S16. Pictures of the Si/PAA, Si/LPU-PAA, and Si/CPU-PAA electrodes after 200

cyclesat 1 A g
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Figure S17. Initial top-view morphology of the (a) Si/PAA, (b)Si/LPU-PAA, and (c)

Si/CPU-PAA electrodes.

S20



Figure S18. AFM images of the pristine (a) Si/PAA, (b)SI/LPU-PAA, and (c) Si/CPU-

PAA electrodes.
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Figure S19. EIS curves of Si electrodes with PAA, LPU-PAA, and CPU-PAA binders (a)
before cycling, and (b) after 200 cycles in Si//Li half-cells. (c) The corresponding

equivalent circuit before and after cycling fitted by Zview software.
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Figure S20. XPS spectra of the Si/CPU-PAA electrode: (a) C 1s, (b) F 1s, and (c) Si 2p

before cycling. (d) C 1s, e) F 1s, and (f) Si 2p after cycling.
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Figure S21. (a) Si 0.1C voltage curve after normalization and (b) Young’s modulus of Si

as a function of the lithiation state.
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Table S1.

The GPC data of CPU and LPU.

Mn MW Mp I\/IZ
M,/M,,
(Da) (Da) (Da) (Da)
LPU 111904 183318 137598 293270 1.5998
CPU 115162 225641 117758 534786 2.3700
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Table S2. Comparison of the tensile strength and toughness of the binders.

Binders Tensile strength Toughness
(MPa) (MJ m-3)

CPU-PAA 18.9 31.5
SSIpP3 51.6 18.5
xPUU1k!8 58 4.9
PAA-CNF-LM1 8 8.3
Ca-Alg®® 50 135
PAA/EVAZX 5.67 5.68
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Table S3. Comparison of charge transfer resistance of anodes with different binders.

Re-pristine (Q) R¢-200 cycles (Q)
CPU-PAA 72.5 85.2
LPU-PAA 78.1 1194
PAA 79.0 148.3
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Table S4. FEA model input parameters.

Parameters Symbols (unit) Values
Maximum solid lithium concentration Cs (mol/m?) 278 000
Initial electrolyte concentration Co (mol/m3) 1000
Solid diffusion coefficient Ds (m?/s) 1x1012
Young’s modulus of PAA Ea (GPa) 10.1
Young’s modulus of CPU-PAA Eg (GPa) 7.0
Poisson’s ratio / 0.25
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