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ABSTRACT: Conductive binders present a potential solution to
the volumetric instability of silicon anodes; yet their low molecular
weight and limited mechanical robustness demand reversible
interactions to establish stable, adaptive cross-linked networks.
Building on this concept, coordination bonds with their reversible
dynamics serve as a key strategy for constructing such adaptive
polymer networks, though their structure—property relationships
remain elusive. This work seeks to unveil the key mechanism by
which ionic coordination structures govern the performance of
conductive binders in silicon anodes and to establish a universal,
coordination-based design strategy for ion-cross-linked binders. It is
revealed that the multidentate bridge coordination between
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carboxylate groups and Fe®* simultaneously reinforces mechanical strength and maintains uniform polymer—silicon interactions,
achieving the balance essential for stable cycling. Benefiting from such coordination structure, the Fe**-coordinated conductive
binder well accommodates silicon’s volume fluctuations, enabling reversible electrode deformation. The enhanced structural
adaptability also spatially confines the growth of the solid-electrolyte interphase, preventing its thickening and the dilution of the
LiF-rich phase by undesirable species. As a result, the rational binder design translates into a significant boost in the electrochemical
performance of the silicon electrodes. Rooted in coordination chemistry, this work offers theoretical insights into the design of

adaptive networks for high-volume-changing battery materials.

1. INTRODUCTION

In recent years, silicon (Si)-based anodes have emerged as a
leading candidate among high-performance anode materials
owing to their exceptionally high theoretical specific capacity,
low operating potential, abundant reserves, and environmental
friendliness. However, the vast volumetric changes (up to
300%) during the lithiation/delithiation process lead to
particle pulverization, delamination, and uncontrolled thicken-
ing of the solid-electrolyte interphase (SEI), severely hindering
the widespread commercialization of Si-based anodes.'™* In
order to address these challenges, researchers have conducted
extensive studies focusing on material structure optimization,
binder design, and electrolyte regulation.

Our previous studies revealed that the disruption of the
conductive network caused by irreversible volume expansion is
one of the key factors contributing to the performance
degradation of Si-based anodes.”® Therefore, designing
conductive binders with both robust mechanical strength and
strong adhesion offers a multifaceted strategy to mitigate this
issue. ' However, their rigid conjugated backbones result in
low molecular weights and limited mechanical robustness,
making them ill-suited for accommodating the volumetric
fluctuations of Si anodes. Constructing a cross-linked binding
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network through enhanced intermolecular interactions offers
an effective strategy to mitigate the structural degradation.
Despite its potential benefits, cross-linking the binder often
compromises its dispersibility in the slurry, leading to
detrimental uneven stress distribution within the electrode.
To address this issue, we developed an in situ photo-cross-
linking strategy based on thiol—ene click chemistry, which
forms a resilient conducting network while effectively
preventing particle agglomeration.'

Compared to covalent cross-linking, ionic cross-linking using
metal ions offers advantages in ease of operation and
reversibility: it not only avoids the challenge of controlling
the degree of cross-linking, but also endows the resulting
network with self-healing capability. The ion-cross-linking
strategy offers a new, practical, and effective solution to
overcoming the mechanical limitations of conductive binders,
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Figure 1. Schematic illustration of the typical coordination between carboxylate anions and metal cations affecting the cross-link strength between

polymer chains.

providing important insights into their further development.
Given that the coordination structure of ionic binding
determines the network structure and properties, a thorough
investigation of the coordination mechanisms is of great
importance. In previous studies, simple screening criteria (e.g.,
the hardness of metal ions and their ionic potential'®) have
been proposed. However, in addition to the intrinsic properties
of metal ions, the type and spatial configuration of the ligand
are equally important and should therefore be investigated as
an integrated system.

In this work, the influence of different coordination between
carboxylate (COO™) and metal ions on the uniformity and
cross-link strength was explored. Through molecular dynamics
simulations and experimental results, we identify Fe®* as the
preferred cation, favoring the multidentate bridge coordination
with carboxylate-rich conductive polyfluorene (PF-COO~ with
the well-established synthetic method)"> binders to construct a
robust and reversible binding network. The addition of Fe®"
not only enhances the mechanical properties of the binder
network but also ensures a more uniform distribution of cross-
link sites within the system, thereby achieving better stress
dissipation and facilitating higher reversible expansion. The
stable electrode structure and conductive network also help
prevent the degradation of the SEI during cycling, enabling the
silicon electrode to maintain a high discharge capacity and
capacity retention after prolonged cycling. By elucidating the
intrinsic influence of ionic coordination chemistry on the
mechanical strength and uniformity of polymer networks, this
work provides theoretical guidance for designing high-stability
binders capable of accommodating volumetric expansion. The
widespread presence of the selected carboxylate ligands in
high-performance silicon-based binders renders this design
strategy broadly applicable across diverse binder systems.

2. RESULTS AND DISCUSSION

2.1. Select Metal lons Suitable for lonic Cross-Linking in
Conductive Binders

Carboxyl functionalities are considered effective adhesion-
promoting motifs in high-performance silicon-based binders,
owing to their ability to form hydrogen bonds with hydroxyl
groups on the surface of silicon particles and generate ester
linkages through thermally induced reactions.'> When metal
ions coordinate with carboxyl groups to form carboxylates, the
resulting ionic coordination interactions that enhance inter-

molecular forces between polymer chains can take the form of
monodentate, bidentate, or multidentate bridging coordination
(Figure 1)."” Compared to the moderately strong multidentate
bridge coordination, monodentate and bidentate coordination
exhibit excessively strong interactions, leading to overcross-
linking, reduced solubility, and brittle electrode structures. In
bidentate coordination, the metal ion coordinates with both
oxygen atoms of the same carboxylate group, favoring
intramolecular interactions, resulting in a local stress
concentration that hinders stress dissipation. In monodentate
coordination, the uneven distances between the metal ion and
the two oxygen atoms lead to asymmetric interactions, hence a
nonuniform cross-linked network. Conversely, multidentate
bridge coordination provides two nearly equivalent binding
sites, which facilitate strong intermolecular interactions
between polymer chains, enabling the formation of a uniformly
cross-linked network. This coordination mode is therefore
considered more favorable for the design of robust binder
systems for Si-based anodes.

Herein, the ability of various metal ions (Mg**, Ca®*, Fe**,
In**, and Zr*) to form multidentate bridging coordination
with the carboxylate side chains of polyfluorene binder
(Figures 2a and S1) was evaluated by cross-validation between
molecular dynamics (MD) simulations (Figure S2) and
experimental results. The radial distribution function (RDF)
analysis reveals that Fe®* is located closer to the oxygen atoms
of the carboxylate group (Figure 2a), suggesting a higher
tendency to form stable coordination bonds. In contrast, Mg>*
and Ca®' exhibit greater distances to the oxygen atoms,
suggesting less favorable coordination, likely due to differences
in their coordination mode with the ligands. Further
investigation of the RDFs between the two types of oxygen
atoms (C—O/C=0 on the carboxylate group) and the metal
ions (Figure 2b) revealed deeper insights into the coordination
modes. For Mg**, Ca®*, In*', and Zr*, the distance to the C—
O oxygen is shorter than to the C=O oxygen, indicating a
predominance of monodentate coordination, which leads to
uneven coordination interactions within the network. In
contrast, Fe’' exhibits similar distances to both oxygen
atoms, suggesting the presence of a multidentate bridge
coordination that facilitates a more uniform cross-linked
polymer network.

Detailed analysis of the MD simulation results (Figure 2c)
reveals that the coordination number (CN) of oxygen atoms
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Figure 2. Screen the metal ions that form multidentate bridge coordination with the polyfluorene binder based on molecular dynamics and FTIR
spectra. (a) The radial distribution functions (RDF) of metal ions and oxygen atoms belonging to carboxylate groups. (b) The RDF of metal ions
and C=0/C—0O (two oxygen atoms of the same carboxylate group). (c) The coordination number (CN) of metal ions and oxygen atoms
belonging to carboxylate groups. (d) FTIR spectra of conductive binders with different ions added. (e) The wavenumber difference between the
antisymmetric (v, and v,¢) and symmetric stretching vibrations (v, and vy) of the carboxylate groups in different ion-cross-linked binders. (f) The
viscosity test of binder aqueous solutions with different metal ions added. (g) Schematic illustration of the coordination mode of metal ions with

side-chain carboxylate groups in a conductive binder.

surrounding various metal ions can be categorized into short-
range (1—8 A) and long-range regimes. In the short-range, a
higher CN often indicates stronger intramolecular interactions
between metal ions and carboxylate groups on the same
polyfluorene chain, which is unfavorable for effective cross-
linking. Within this range, Mg®’, mainly exhibiting mono-
dentate coordination, shows a higher CN, whereas Fe¥*,
associated with multidentate bridging coordination, presents
the lowest. In contrast, the long-range CN reflects interchain
coordination, which is critical for reinforcing the polymer
network. Fe'* and Zr*" have the highest long-range CNs,
indicating stronger interchain interactions, while Ca** and
Mg*" contribute less significantly. These results highlight that
multidentate bridging coordination plays a more important

role in enhancing interchain connectivity than monodentate
coordination.

To validate the simulation results, experimental analyses
were conducted on cross-linked systems based on the
aforementioned metal ions. The Fourier transform infrared
spectroscopy (FTIR) spectra (Figure 2d) show that upon the
introduction of metal ions, the characteristic peaks of
carboxylic acid dimers at 1670 cm™' diminished, while new
peaks (a;/a, and s;/s,) emerged, corresponding to the
asymmetric stretching vibration (v,,) and symmetric stretching
vibration (v,) of the carbonyl group in the COO7,
respectively.'®"? The distinct positions of these peaks are
associated with different coordination modes of the carboxylate
group. Specifically, when the wavenumber difference between
the asymmetric and symmetric stretching vibrations of COO™

https://doi.org/10.1021/jacs.5c22740
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c22740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Societ ubs.acs.org/JACS Article
P 9
a
” . The interaction strength between the polymer chain (1-10) and the metal ions within 8 A around it.
o
< ~—
s B o3 § X [ (keal mol") P
o & 7 | CIPF-Mg*
£ Lo 60%
=S £ o]
o) o
& |PF-Fe 3250 | = & ; 0
kel > © 8
5 g
: EC
5 Q 1831 o &
s ET IR o
= |(kcal mol™) 3 i W |°~. m
1 1 1 [s} \ “ K [ K
-9000 -6000 -3000 o o A A E A 5 & o 1
Coulomb electrostatic interaction 123456780910
C
R g g
= 2. nm
25nm : 9 g
25nm g [ 2 1.04
2 1.07 El <
‘ 3 g
=1 '%%ﬁ&a =1 ¥
= = &
= =
»Bo Bo ‘
PF PF-Mg?
R,=3.48nm 5 3 R,=7.70nm 5 3 X @
R, =278 nm o R, =6.00 nm o B o 3
250m 72 1.24 EE IA < >
E] e ° o
g 3 8,00 ¥
=1 om = 1 1.98
s s
-25nm S [ } [
S PF-Fe3* o PF-Zr4*
8 8 8
PF ' PF-F | PF-Zr**
8 _5[ Mean: 458N 2 B Mean: 1.02N
=3 Z = z | —
24| Mean: 286N | Mean: 283N 24l = 24
8 M H H k H 8 H
— ©3 3 3 - 3
2 < < 25 s 25 <
| I I
0 20 40 60 80 0 40 60 80 O 20 40 60 80 0 80

Displacement (mm) Displacement (mm)

Displacement (mm) Displacement (mm)

Figure 3. Mechanical strength and uniformity of the binder network with different cross-linking metal ions. (a) The Average value of the coulomb
electrostatic interaction strength between metal ions and binder chains was obtained through MD simulation. (b) In the MD simulation results, the
coulomb electrostatic interaction strength between the polymer chain (1—10) and the surrounding metal ions within an 8-A range. (c¢) DMT
modulus and roughness of the ion-cross-linked binder membranes. (d) The 180° peeling profiles of the Si electrodes.

(vy—v,) falls within the range of 100—150 cm™, a multi-
dentate bridge coordination mode is suggested; when the
wavenumber difference reaches 200 c¢cm™!, monodentate
coordination becomes dominant.'® Based on this criterion,
the stretching band separation results (Figure 2e) show that
carboxylate groups coordinated with Mg** and Ca®" exhibit
monodentate coordination, while Fe** forms exclusively
multidentate coordination. For In*" and Zr*, both coordina-
tion modes coexist.

Additionally, viscosity tests (Figure 2f) of aqueous binder
solutions at equal concentrations show a decrease in viscosity
upon addition of Mg** and Ca*. This is attributed to their
tendency to form intramolecular interactions with the
carboxylate groups on the same molecular chain, predom-
inantly through monodentate coordination. In contrast, the
addition of other metal ions leads to increased solution
viscosity, indicating enhanced intermolecular interactions.
However, excessively strong cross-linking can hinder stress
dissipation in electrodes, as will be discussed below. The
viscosity (Figure S3) of the prepared Si slurry likewise exhibits

the same trend, and the appropriate slurry viscosity is
conducive to the formation of uniform electrodes. Therefore,
the above experimental findings are consistent with the
coordination behaviors predicted by the MD simulations
(Figure 2g): appropriate multidentate bridging coordination is
essential to strengthen intermolecular interactions without
compromising mechanical adaptability. Among the tested ions,
Fe** emerges as the most effective in achieving this balance.

2.2. Construct the Robust and Homogeneous Binder
Network

To evaluate the influence of metal ions on the mechanical
properties and uniformity of ion-cross-linked binders, MD
simulations were employed to analyze the Coulombic
electrostatic interaction between metal ions and polymer
chains (Figure S4). The average interaction strength between
the introduced ions and each polyfluorene chain (without
imposing a distance constraint) was quantified (Figures 3a and
SS). Due to predominant intramolecular interactions, Mg>*
and Ca® exhibit weak interactions with polymer chains,
resulting in inefficient cross-linking. In contrast, Zr** forms

https://doi.org/10.1021/jacs.5c22740
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c22740/suppl_file/ja5c22740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c22740/suppl_file/ja5c22740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c22740/suppl_file/ja5c22740_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22740?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c22740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

C
1 — - 18 18
R Initial expansion . — PF-Fe3* - e PE-Z14*
g_ - j?-_o_gj:‘_;___._ - g_ Initial expansion g N .
7£'12 a ! 51 2 10.64um 10.55pym . 512 L Initial expansion
. S 7.95
g | 8 NN s | 7 m
S ' S / \ / |\ / S i
2 6f ! 2 6f J1\ / \ = 6f :
= ; F \/ v \/ F N
1 2+ ] N
S . PF-Mg s / Reversibility: 77.2% - !
< h2v <2 42V = .
T sl b3 ‘f
S o] o]
= . VA= , . sv = . 2.5V
=00 5.0x10* 1.0x10° = 0 1x10° 2x10° =00 5.0x10* 1.0x10°
Time (s) Time (s) i

1
10— %% 5
=4800

N
N\
N
Initial () Swell 1-10: polymer

+:
f

— ] —

==

1.4V
1.2v
I\

S N I

Normalization

] ﬁo.ev
: N

g | | S o 0.4V

s | L — I — 0.2V

s | - Slov

8 PF-Mg2* PF-Fe* cip| | PRz ¢

\ J 1 L ] /L1 | L/ ] JL 1 1 L/ L 1L

Semeoroenee ’ 1800 1750 " 1000 _1” 850 1800 1750 " 1000 ' 850 1800 1750 1000 850
Wavenumber (cm™) Wavenumber (cm’") Wavenumber (cm™)

Figure 4. Compare the structure stability of the Si electrodes using various ion-cross-linked binders. Expansion rate curves of Si electrodes with
different ions added (a) Mg*, (b) Fe*, (c) Zr*". By simulating the expansion process of the binder systems, the variation of coulomb electrostatic
interaction strength (unit: kcal mol™) between metal ions and polymer chains in different ion-cross-linked binder systems ((d) Mg**, (e) Fe*, (f)
Zr*") was explored using MD simulation. In-situ FTIR spectra of (g) Mg*, (h) Fe*, and (i) Zr*" electrodes during the initial galvanostatic
discharge process (from 2 to 0.1 V). The downward peak signifies a decrease in concentration, whereas the upward peak indicates an increase.

excessively strong intermolecular interactions, leading to that Fe’* is uniformly dispersed throughout the system and
overcross-linking and increased rigidity. Notably, Fe** and plays its cross-linking role effectively. In contrast, Mg** tends
In** exhibit intermediate interaction strengths, which are to cluster around only a few chains, limiting its ability to link
consistent with the coordination strengths expected from the different chains together. Similarly, Zr** also gathers near
coordination configurations illustrated above. Thus, trivalent specific chains, resulting in strong local interactions. Differing
cations exhibit moderate ion-binding strength through max- from Mg*', the interactions between Zr*" and polymer chains
imizing intermolecular interactions. To better understand how are so strong that they cause excessive local cross-linking,
ions interact with the polymer, we examined each polymer which disrupts the uniformity of the binding network.
chain in the simulation box based on the equilibrated Atomic force microscopy (AFM) was employed to
configurations obtained from MD simulation results. Specifi- characterize the morphology and mechanical properties of
cally, we checked whether there were metal ions within 8 A typical polymer films containing Mg, Fe’*, or Zr*" (Figure
(determined from the RDF analysis between polymer chains 3c). The addition of Mg** leads to an increase in surface
and cations, Figure S6) of each chain and calculated the roughness, with Rj (root-mean-square roughness) and R,
strength of their interactions (Figures 3b and S7). Approx- (arithmetic mean roughness) reaching 4.65 and 3.68 nm,
imately 90% of the polymer chains have Fe3* nearby, indicating respectively, likely stemming from intramolecular interactions,
E https://doi.org/10.1021/jacs.5¢22740
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which are unfavorable for electrode fabrication. The corre-
sponding Derjaguin-Muller-Toporov (DMT) measurements
further showed large variations in modulus with no significant
improvement in average mechanical strength. The polymer
film incorporating Zr*" exhibits even higher roughness Ry =
7.70 nm, R, = 6.00 nm), reflecting more pronounced surface
undulations. While the overall modulus increased due to strong
intermolecular interactions, localized stiffness variations
persisted, likely due to excessive intramolecular cross-linking.
By contrast, the Fe**-containing polymer formed a smoother
film with uniform mechanical properties, attributed to
balanced multidentate coordination and a more homogeneous
interaction network, resulting in both improved mechanical
strength and favorable film-forming characteristics.

Next, to assess dispersion behavior in slurries, {-potentials of
Si slurries prepared with ion-cross-linked binders were
measured (Figures S8—S9). The slurry with Fe**-cross-linked
binder exhibited a significantly higher absolute {-potential than
those with Mg®* or Zr**, indicating superior particle dispersion.
Additionally, the narrower intensity distribution peak in the
Fe*'-containing slurry suggests a more uniform surface
potential, which helps suppress particle agglomeration, thereby
promoting the uniform adhesion of anode particles to the
current collector. To verify this improved adhesion, electrode
peeling tests were carried out (Figure 3d). The peeling force of
the Si electrode with Mg**-cross-linked binder was similar to
the pristine electrode, but exhibited more uneven Si particle
detachment. In contrast, Fe**-cross-linked binders significantly
improved mechanical strength, resulting in a higher peeling
force (4.58 N). Although Zr*" increased the polymer modulus,
it led to reduced peel resistance owing to the increased rigidity
of the polymer film. Furthermore, extensive coordination
between Zr*" and carboxylate groups weakened polymer—
particle and polymer-collector adhesion, leading to a more
pronounced detachment of Si particles from the copper foil.
Moreover, cohesive and interfacial adhesion strengths con-
stitute critical parameters for evaluating binder perform-
ance,””?' which were further investigated by micrometer-
scale scratch tests. As shown in Figure S10, the Fe3*-cross-
linked binder exhibits a higher friction coefficient, indicative of
its superior adhesive capability. These results highlight that for
carboxyl-rich polymers, selecting ions that can form multi-
dentate coordination with — COO™ can facilitate the
formation of a robust and homogeneous cross-linked network
in the electrodes.

2.3. Reinforce Structural Stability and Reversibility of Si
Electrodes

Based on the above analyses, we further investigated how
different binders affect the actual electrochemical processes. In-
situ expansion tests using a coin-type mold (Figures 4a—c and
S11-S12) were conducted to evaluate how different
coordination structures influence the ability of Si anodes to
accommodate volume changes. In the thickness variation
profile, the ascending segment corresponds to the electrode
expansion during lithiation, whereas the descending segment
corresponds to the electrode contraction during delithiation.
The reversibility of the amplitude of this curve reflects the
reversibility of the electrode structure.”””** The Mg**-cross-
linked electrode exhibits a thickness increase of 13.01 ym after
the initial lithiation, further expanding to 14.68 um in the
second cycle, indicating poor structural integrity of the
electrode and a potentially detrimental effect. In comparison,

the Fe’'-cross-linked electrode shows a smaller initial
expansion of 10.64 ym than the pristine electrode (12.70
um), suggesting effective suppression of swelling by the
binding network. Despite partial polymer network reconstruc-
tion during the first cycle, structural stability was maintained,
contributing to higher reversible capacity and dimensional
reversibility (77.2%) during the second lithiation. The Zr*'-
cross-linked electrode exhibited the initial expansion (7.95
um), reflecting high stiffness. However, capacity decreased
during the second lithiation, likely due to polymer network
breakdown caused by structural inhomogeneity, which led to
the detachment of Si particles from the conductive matrix.

Then, MD simulations were employed to evaluate the ability
of various cross-linked binders to withstand the volumetric
expansion of Si. After a period of 10 ns, the ion-polymer
interactions within the simulation box were analyzed (Figure
4d—f), where negative pressure was applied to the simulated
box to mimic tensile stress, forcing molecular chains to
separate. In the Mg**-cross-linked system, electrostatic
interactions remain nearly unchanged due to dominant
intrachain coordination, reflecting poor resistance to expan-
sion. The Zr*'-cross-linked binder initially exhibited strong
ion-polymer interactions, but these weakened significantly
under stress, indicating limited resilience against volume
expansion. By comparison, the Fe**-cross-linked binder system
maintained moderate and stable interactions throughout the
process. Notably, it also exhibited the highest average
Coulombic interaction strength (Figure S13), suggesting that
multidentate coordination with Fe’* forms a robust and
adaptable elastic cross-linked network capable of accommodat-
ing volume fluctuations and supporting a stable, reversible
electrode structure.

The repeated and intense expansion of Si anodes not only
causes structural collapse but also triggers continuous side
reactions between the electrolyte and the newly exposed Si
surfaces. To investigate how suppressing irreversible volume
expansion affects the stability of the SEI, which is formed as a
product of electrolyte reduction,”*® we studied electrolyte
decomposition on the surfaces of anodes with different binders
using in situ FTIR. Spectra at open-circuit voltage were used as
the background; downward peaks indicate electrolyte con-
sumption, whereas upward peaks correspond to the formation
of new species.”””® With the decrease in voltage, the
attenuation of signals corresponding to C=0 (1700—1850
em™!), C—0 (950—1040 cm™') and the P—F (840 cm™)
indicates pronounced decomposition of solvents and LiPF
(Figure S14).>”%° Specifically, the characteristic absorption
bands at 1801 cm™, 1771 ecm™', and 1741 ecm™" (Figure S15)
are, respectively, attributable to the carbonyl moieties of
fluoroethylene carbonate (FEC), ethylene carbonate (EC), and
diethyl carbonate (DEC). Combining the in situ electrode
expansion results, it can be concluded that the insufficient
mechanical constraint in the Mg**-cross-linked electrode leads
to continuous SEI growth, as evidenced by the pronounced
electrolyte decomposition peaks (Figure 4g). Whereas the
Fe**-cross-linked binder effectively encapsulates Si particles,
mitigating the side reactions. Consequently, only minor
carbonate decomposition was observed with minimal con-
sumption of LiPF, (Figure 4h). The emerged positive peak at
834 cm™ indicates formation of contact ion pairs (CIPs, i.e.,
one PF¢~ directly coordinating to a single Li* cation),”' ~** and
such an anion-rich interfacial environment is likely to promote
the formation of a stable SEI for Si-based anodes.”"***> The
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Zr**-cross-linked binder also reduced decomposition com-
pared to Mg®" and pristine systems (Figure 4i), but was less
effective than Fe’', likely due to the inferior structural
reversibility of the electrode. In short, the stable and reversible
electrode framework constructed by the Fe**-cross-linked
binder forms a stable and elastic network that not only adapts
to large volume fluctuations but also limits interfacial side
reactions that are difficult to control on the particle surface,
stabilizing the interphasial structures of Si electrodes.

2.4. Improve Electrochemical Performance of Si Electrodes

The electrochemical performance of Si electrodes fabricated
using conductive binders cross-linked by different ions was
systematically evaluated. The initial voltage-capacity curves
(Figure 5a) reveal that the Fe**-cross-linked electrode exhibits
a higher first-cycle discharge specific capacity (3145 mAh g™')

and the highest initial Coulombic efficiency (ICE) of 83.3%,
which may be attributed to the cross-linked binder network’s
superior ability to accommodate Si expansion, thereby
maintaining a robust conductive network that mitigates particle
detachment and deactivation. The long-cycle performance
(Figures Sb and S16) shows that the Fe*'-cross-linked
electrode retains a remarkable discharge specific capacity of
2642 mAh g™ after 150 cycles, corresponding to a high
capacity retention of 93.9% relative to the sixth cycle (2814
mAh g™'), which significantly surpasses that of the pristine
electrode (2057 mAh g!, 85.2%). Notably, the amount of
metal ions introduced directly dictates the cross-linking degree
of the binder, and both excessive and insufficient additions
impede the full realization of the electrode capacity.
Consequently, the ratio of 60:1 (Figure S17) was preliminarily
identified as an appropriate choice.
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(d) The depth profiles of various secondary ion fragments.

The Coulombic efficiency curves (Figure S18) further
demonstrate that, after five activation cycles, the Fe¥*-cross-
linked electrode achieved a high Coulombic efficiency of 99.1%
and maintains this stability throughout subsequent cycles,
outperforming the pronounced fluctuations observed for the
other electrodes. Given that minor fluctuations in Coulombic
efficiency are commonly associated with SEI instability, the
resilient binding network is proposed to suppress irreversible
electrode expansion, thereby inhibiting continuous SEI growth.
The differential capacity (dQ/dV) curves (Figure S19) after 50
cycles further reveal that, compared with the pristine electrode,
the Fe**-cross-linked electrode exhibits lower overpotentials,
indicating accelerated lithiation/delithiation kinetics and
resulting in enhanced rate performance (Figure S$20). In
contrast, the delithiation peaks of other electrodes shift
positively, while the lithiation peaks shift negatively, suggesting
hindered Li* insertion and extraction owing to inferior
structural and interfacial stability. To investigate the perform-
ance of Fe**-cross-linked binder in high-loading electrodes, we
carried out a series of additional experiments. By increasing the
areal loading of Si to as high as 1.53 mg cm™ (Figure S21), the

cycling stability remains outstanding after 100 cycles (2400
mAh g~', 93.8%). Furthermore, high-rate cycling tests
demonstrate that the Fe**-cross-linked electrode also delivers
higher discharge capacity (2571 mAh g™') after 100 cycles
(Figure S22). When the electrochemical performance of the
silicon electrodes was further evaluated using LCOIISi coin-
type full cells, the Fe**-cross-linked cell, as anticipated, retained
96% of its capacity over 150 cycles (Figure S23). Compared
with recently reported advanced binders (Figure Sc,and Table
S1),°°73 the Fe**-cross-linked binder forms a stable electrode
architecture via multidentate bridge coordination with
carboxylate groups, delivering superior capacity retention
(97.7% after 100 cycles) and sustained high specific capacity.
Furthermore, when applied to SiO, electrodes (Figure S24),
this binder maintains robust structural integrity, enabling a
higher discharge capacity along with excellent cycling stability
and rate capability.

To establish the structure-performance relationship, 3D
confocal microscopy was jointly employed to observe electrode
morphology (Figures 5d and $25). The surface morphology of
the electrodes appears similar prior to cycling; however, slight
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agglomeration can be observed on the Mg**/Zr*"-cross-linked
electrodes, consistent with the previously discussed slurry
dispersion quality. After 50 cycles, both Mg**/Zr**-cross-linked
electrodes exhibit pronounced cracking and surface hetero-
geneity, suggesting disrupted electrode structure. Raman
mapping of cycled electrodes (Figures Se and S26) further
shows that the unstable structures of the un-cross-linked and
Mg**-cross-linked binders lead to significant silicon exposure,
whereas the Fe*'-cross-linked binder effectively protects the
electrode surface, minimizing silicon particle exposure to the
electrolyte.” Next, focused-ion beam scanning electron
microscopy (FIB-SEM) was employed to investigate the
internal structure of the electrode (Figure Sf). Both the un-
cross-linked and Mg**-cross-linked electrodes exhibit numer-
ous continuous internal grooves, which are attributed to the
inability of Mg®* to enhance the mechanical strength of the
binder. On the contrary, intramolecular interactions intro-
duced internal stress, accelerating fracture propagation and
exacerbating volume expansion. The Zr*'-cross-linked elec-
trode also shows severe internal fractures extending outward.
Such structural damage triggers parasitic side reactions and
promotes excessive SEI growth, which impedes Li" transport
and degrades battery performance. In comparison, the
multidentate bridge coordination formed by Fe** and COO~
constructs a uniform and robust cross-linked network that
effectively dissipates stress and adapts to the expansion of Si
particles. This results in a structurally stable and reversible
electrode, with minimal internal cracking and maintained
electronic connectivity, thereby preventing electrode failure.

2.5. Stabilized Interphases on Si Electrodes

As a critical factor affecting the performance of silicon anodes,
the evolution of the SEI is also influenced by structural
reversibility. X-ray photoelectron spectroscopy (XPS) was
employed to track the SEI evolution from S to 50 cycles. After
S cycles, XPS F 1s spectrum (Figure 6a) reveals LiF as the
dominant SEI component on pristine electrodes, with minor
LiPF4 decomposition products (Li,PF,/Li,PO,F,). The Mg**-
cross-linked electrode shows more decomposition products
derived from LiPF, and fluoroethylene carbonate (indicated by
the C—F signal peak, Figure 6b), consistent with in situ FTIR
results. In contrast, the Fe3*-cross-linked electrode exhibits the
highest LiF content in the SEIL. Due to LiF’s high stiffness and
weak silicon adhesion, this SEI reinforces the electrode
network, mitigating silicon volume changes while enhancing
ion transport and passivating the surface.”>>*** After 50 cycles,
the un-cross-linked and Mg**-cross-linked electrodes accumu-
lated more LiPF4 decomposition products, suggesting uncon-
trolled interfacial side reactions. The Zr**-cross-linked
electrode retained higher LiF levels but included some
Li,PO,F, and C—O containing organics. In contrast, the Fe*
system maintained a stable, LiF-rich SEI, suppressing electro-
lyte decomposition and boosting silicon electrode perform-
ance.

Furthermore, time-of-flight secondary ion mass spectrome-
try (TOF-SIMS) was used to explore the spatial distribution of
the chemical components within the SEL 3D reconstruction
patterns (Figure 6¢) reveal strong Si~ signals on the surfaces of
un-cross-linked and Mg**-cross-linked electrodes, indicating
exposed Si particles, consistent with Raman mapping. In
contrast, Zr*"/Fe* -cross-linked binders effectively preserve
electrode integrity. Intense PO,F~ and CO;™ signals indicate
pronounced lithium salt and carbonate decomposition in un-

cross-linked and Mg**-cross-linked systems—consistent with
XPS data.”””® Additionally, the C4~ fragment pattern
associated with polyfluorene confirms that the Fe**-cross-
linked binder maintains complete particle coverage after
cycling, preserving the electrode integrity. The optimal SEI
architecture positions LiF in the inner region, where it
accommodates particle expansion while supporting continuous
SEI growth.”®>” Depth profiling of secondary ion fragments
(Figure 6d) validates this favorable structure in Fe’/Zr*'-
cross-linked electrodes. The stronger binder signal detected at
the surface further underscores the dual function of the Fe®*
multidentate coordination network: reinforcing the electrode
framework and promoting the formation of a favorable outer
SEL. The remaining binder signal detected at the surface
further highlights the dual role of the Fe**, thereby suppressing
LiPF; decomposition. By contrast, the pronounced accumu-
lation of LiF and PO,F™ species in the outer SEI of the other
electrodes reflects persistent electrolyte decomposition at the
Si surface. Temperature-dependent EIS (Figure S27) and
Arrhenius analysis (Figure S28) show that the SEI of the Fe*'-
cross-linked electrode maintains a low Li* diffusion barrier,
confirming suppression of excessive SEI growth. The Fe®'-
cross-linked binder network thus provides both structural
reversibility and interfacial stability to silicon electrodes,
ensuring continuous electron transport and rapid Li* diffusion.

3. CONCLUSION

In this work, we systematically analyzed the interactions
between various metal ions and carboxyl groups, revealing the
key regulatory mechanisms by which ionic coordination
structures dictate the polymer binder performance in silicon
anodes. It is demonstrated that the multidentate Fe®'-
carboxylate coordination simultaneously enhances mechanical
robustness while maintaining polymer dispersibility, enabling
stable silicon electrodes with highly reversible volume changes.
Comprehensive characterizations further reveal that this binder
effectively protects silicon surfaces, suppresses electrolyte
decomposition, and prevents gradual deterioration of the
LiF-rich SEI during long-cycling. By stabilizing both the bulk
electrode and the interfaces, the proposed binder design
significantly improved the cycling stability of silicon anodes.
This work establishes the structure—performance relationship
of ion-cross-linked polymer networks in silicon anodes,
providing theoretical guidance for designing binders adaptable
to volume changes. Moreover, these interactions are governed
by a multitude of intricate factors, including the effective
charge density and ionic radius of the metal ions, the nature
and identity of the ligands, and the often-overlooked spatial
configurations. Thus, a more systematic effort to decouple and
interrogate these parameters in forthcoming studies will be of
substantial importance.
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