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As the representative high-performance anode, the performance of silicon-based anode in high-energy lithium-
ion batteries is hindered by significant volumetric fluctuations and poor conductivity. Carbon nanotubes (CNTs)
have emerged as pivotal conductive additives and structural stabilizers in silicon-based electrodes. However, the
insulation of commercial binders and their limited interaction with CNTs prevent the CNTs from performing their
intended roles, particularly in commercial electrodes with high anode material content. To address this, the study
introduces a novel conductive binder (PCNT) by grafting conductive polyfluorene onto the surface of CNTs. The
long/short-range electron transport channels intertwine to form a dense, multi-scale conductive network, which
endows the binder with remarkable conductivity and efficient electron transfer at the CNTs interface, signifi-
cantly reducing voltage polarization in graphite/SiOy electrodes and enhancing rate performance. Even with an
ultra-low binder content (5 wt % without other additives), the constructed robust framework effectively sup-
presses electrode expansion and internal void cracking, which helps decelerate the aging process of solid-
electrolyte interphase (SEI). Thus, it maintains the integrity of the electronic percolation network, improving
the cycling stability of the electrodes. The effective synergy between conductivity, adhesiveness, and mechanical
properties offers new insights into the application of CNTs and conductive polymers in silicon-based electrodes.

1. Introduction thickening of the solid-electrolyte interphase (SEI) at the interfaces [4,5,
9]. This disruption leads to electrochemical inactivation of SiOy parti-
cles, thus limiting the large-scale industrial application of silicon-based

materials.

Stricter requirements from the industry for power batteries and
consumer batteries are gradually driving the iteration of various key

materials in lithium-ion batteries (LIBs), especially the low theoretical
capacity (372 mAh g~1) of commercial graphite anode limits the overall
energy density [1-3]. As a representative of high theoretical specific
capacity and cost-effective anode, SiOy (0 < x < 2) materials are grad-
ually being utilized and capturing a certain share of the market [2-5]. In
conventional silicon-based electrodes (Fig. 1a), conductive carbon black
serves as an additive, forming an electron transport network through
continuous contact. However, as the mechanical properties of com-
mercial binders (e.g., sodium carboxymethyl cellulose/styrene buta-
diene rubber (CMC/SBR), polyacrylic acid (PAA)) [6-8] are not
sufficient to inhibit the expansion of silica-based anodes, the electronic
percolation network is gradually disrupted by particle expansion and the

Carbon nanotubes (CNTs) (Fig. 1b) are added as highly conductive
additives to real-world silicon-based electrodes. They not only functions
as a rigid skeleton to enhance the structural strength of the electrode in
combination with the binder, but also provides a long-range electron
transport channel to maintain the conductive skeleton of the electrodes
[10,11]. Liu et al. constructed a resilient and robust conductive network
in silicon-based electrodes by utilizing the amidation reaction of
amino-functionalized CNTs with PAA, alongside the multiple
hydrogen-bonding interactions between tannic acid and PAA/carboxyl
nitrile rubber, thereby enhancing the cycling performance of
micron-sized silicon/SiOy electrodes [12]. Cao and colleagues have
intricately woven a resilient electron transport network by leveraging
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carboxylated CNTs and PAA, along with 6-amino-1-hexanol, through
hydrogen bonding, ionic interactions, and covalent bonds, thereby
achieving a high areal capacity for high-mass-loading Si/C electrodes
[13]. Although these studies have attempted to address this issue by
enhancing the mechanical properties of adhesive systems, achieving
promising results, the failure of the electron percolation network is only
mitigated and is still inevitable due to the insulation properties of con-
ventional polymers.

The conductive polymers, which can serve as artificial electron
transport networks at particle interfaces and provide high mechanical
strength, are being used as binders in silicon-based anodes [6,7]. In the
previous works, [14-18]. silica-based conductive binders (polyfluorene)
integrate cohesiveness, mechanical properties, and conductivity to
expand the electron transport channels between particles beyond the
traditional electron permeation network dominated by conductive car-
bon. However, the conductivity of conductive polymers in general is
always limited, and the addition of highly conductive agents are needed
to provide an "electron highway" for conductive networks. As previously
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mentioned, CNTs can offer fast electron transport channels and facilitate
electron conduction over scales in comparison with conductive poly-
mers. When used in conjunction, a more comprehensive spatial network
of electron transport can be constructed within the electrode. Therefore,
combining conductive binders with CNTs presents a potentially optimal
approach for stabilizing the electron transport network and spatial
structure in silicon-based anodes, a novel finding yet to be reported.

In order to construct robust multi-scale electron transport channels,
this study develops a novel composite conductive binder (Fig. 1c) by
grafting conductive polyfluorene (PF) chains, which act as short-range
electron transport channels, onto CNTs that serve as long-range ones.
The intertwining of these long/short-range pathways forms a continuous
three-dimensional conductive network. Compared to the blending
method, the CNTs grafted conductive binder (PCNT) system improves
the dispersion of CNTs in aqueous solvents and establishes a quasi-
reinforced concrete structure through covalent bonding between CNTs
and polymer chains. It boosts the mechanical strength and electron
connectivity of the conductive network. Despite an extremely low
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binder content (5 wt %), the constructed dense conductive network
effectively facilitated a marked depolarization effect in the silicon-based
electrode, releasing more capacity. The robust binder framework
restricted electrode expansion, minimized internal void, and signifi-
cantly slowed the aging of the SEI at particle interfaces, thereby
enhancing the cycle life of the commercial graphite/SiO, (Gr/SiOy)
electrode. Additionally, the synergistic effect between the binder and
well-constructed SEI establishes a stable network for the infiltration of
both electron and lithium-ion (Li"), resulting in exceptional rate per-
formance of the electrode.
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2. Results and discussion
2.1. Design principles of multi-scale conductive interwoven networks

To graft conductive polyfluorene chains onto the surface of CNTs,
aryl bromides were introduced to carboxylated carbon nanotubes (CNT-
COOH) through amidation reactions, yielding CNT-Br (Fig. S1). Fourier
transform infrared (FTIR) spectroscopy (Fig. S2) confirmed the modifi-
cation, revealing distinct amide group peaks on the surfaces of CNT-NH,
and CNT-Br, characterized by stretching vibrations of C=0 and C—N, as
well as bending vibrations of C—N-H [19-22]. Similarly, in X-ray
photoelectron spectroscopy (XPS) (Fig. S3), the C-Br and O=C—NH
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Fig. 2. Synthesis and screening of the ideal ratio of PCNT binders. (a) TEM images of CNT-COOH and grafted CNTs. The scale bar of the images represents 20 nm. (b)
FTIR spectra of the pure conductive binder (PF) and PCNT. (c) High-resolution XPS N 1 s spectra of the PF and PCNT. (d) The zeta potential of the CNT-COOH, the PF
and PCNT. (e) The 180° peeling profiles between different films and copper foils. (f) DMT modulus average of the PCNT membranes. (g) Electronic conductivity of the
membranes. (h) Photoluminescence (PL) spectra of the membranes (thickness: 2 pm). (i) Ideal CNTs weight ratio is selected based on electronic conductivity,

cohesiveness, Zeta potential, PL peak intensity and DMT modulus.
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peaks were attributed to the successful introduction of aryl bromides
[20,22]. After etching 60 s (Figs. S4 and S5), the intensity of the char-
acteristic peaks significantly diminished, and the proportion of nitrogen
atoms decreased from 1 % to 0.2 %, indicating that the grafting reaction
sites are concentrated on the outer walls.

The PCNT binders were prepared through a Suzuki coupling reaction
shown in Fig. S6. In order to investigate the effect of CNT content, the
modified CNT-Br was incorporated into the polymerization system of
conductive polymer (polyfluorene, PF) at various weight ratios (PF/
CNT-Br = 8:1, 4:1, 2:1, 1:1), yielding CNTs grafted conductive polymer
binders at different weight ratios (PCNT (8:1), PCNT (4:1), PCNT (2:1),
PCNT (1:1)) (Table S1). Compared to CNT-COOH, the TEM images
(Fig. 2a) of the PCNT binder reveal a continuous amorphous organic
layer coating the tube walls, directly indicating the uniform grafting of
conductive polymers onto the CNTs surface. As the CNTs weight ratio
increases, more polymer chains graft onto the active surface sites, cor-
responding to the increasing intensity of the N-C=0 and C-N stretching
vibration peaks in the FTIR spectra (Fig. 2b). Furthermore, the enhanced
peak intensity of amide groups in the XPS (Fig. 2¢) further corroborates
this finding.

The basic properties of the PCNT binders are explored to select the
optimal ratio of PF to CNTs. Firstly, CNT-COOH exhibits poor dis-
persibility in water, with the lowest absolute value of zeta potential
(Fig. 2d). Introducing water-soluble conductive polymers onto the sur-
face of CNTs enhanced their dispersibility in aqueous solutions. As the
polymer content increases, the absolute value of the zeta potential of
PCNT binder rises, leading to improved stability of the CNTs in the so-
lution system. This increased dispersibility stability could prevent ag-
gregation of CNTs, ensuring the formation of a uniform structural
framework and efficient electron transport pathways within the elec-
trodes. The resistance of the PCNT binders to shear forces increases with
the higher PF ratio, indicating improved adhesion. It can be attributed to
increased content of carboxylate side chains of the polymers grafted
onto CNTs (Fig. 2e). The abundant carboxyl groups may engage in
hydrogen bonding interactions or form ester bonds with the hydroxyl
groups on the surface of SiO, particles. During lithiation, the strong
interactions prevent the active particles from detaching from the
conductive network, thereby maintaining the electrochemical activity of
SiO,.

Increasing the CNTs content in the binder system enhances the
Derjaguin-Muller-Toporov (DMT) modulus (Fig. 2f) of PCNT, resulting
in a more robust framework to better resist the expansion of SiO, par-
ticles. However, the AFM mapping images (Fig. S7) show that during the
molding process of the binder film, carbon nanotubes of PCNT (1:1) and
PCNT (2:1) tend to agglomerate, exhibiting rigid regions of high
modulus that are prone to stress concentrations during lithiation and
delithiation, damaging the electrode structure. Polyfluorene, with its
continuous conjugated backbone, demonstrates a conductivity of
1.17x1072 S cm™! (Fig. 2 ¢ and S8) significantly higher than commer-
cial binders such as CMC/SBR (2.51x107!! § ecm™!). Upon grafting
highly conductive CNTs, the macroscopic conductivity of the binder can
be improved by 1 to 2 orders of magnitude, and the conductivity of
PCNT binder (PCNT (1:1)) can reach 4.89 Scm™!. To explore the impact
of CNTs content on electron transfer between CNTs and the conductive
polymer, photoluminescence (PL) spectra were measured for various
binder films (Fig. 2h). The pure polyfluorene polymer films absorb
photons to produce excitons. When excitons return to the ground state
within polyfluorene units, photons are emitted, producing distinct
characteristic PL peaks in the spectrum (425-575 nm). As the CNTs
content increases, more conjugated segments contact the tube walls,
result in sufficient intermolecular exciton transport and dissociation,
eventually manifest non-radiative transition fluorescence quenching
[23,24]. This finding is evidenced by the gradual reduction in the in-
tensity of the PL peaks. Considering the impact of CNTs weight pro-
portion on dispersion, adhesion, overall conductivity, and charge
transfer between CNTs and the polymer (Fig. 2i), the balance in
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performance is achieved when the CNTs content is around 20 %.
Therefore, PCNT (4:1) is selected as the representative binder for sub-
sequent electrode fabrication.

2.2. The advantages of the multi-scale conductive network

In order to investigate the specific advantages of PCNT binder, pure
conductive polymer (PF) was mixed with CNTs in various ratios to
obtain PF/CNTs blended binder systems, namely BPCNT (8:1), BPCNT
(4:1), BPCNT (2:1) and BPCNT (1:1). Firstly, the dispersion of different
binder systems in deionized water was assessed through zeta potential
testing at various levels of CNTs addition (Fig. 3a-c and S9). The PCNT
binders exhibited a narrow, single Zeta potential peak, indicating that
the bonding of water-soluble polymer chains to the CNTs surface
enhanced their dispersion in deionized water. In contrast, the zeta po-
tential of the blended BPCNT binder presented multiple peaks. More-
over, the intensity of the peaks with lower absolute potential values
grew stronger as the amount of CNTs increased, suggesting the challenge
in achieving a stable and uniform binder dispersion solution.

The effect of grafted conductive polymers on electron transport in
PCNT binder was investigated by four-probe test. When the CNTs con-
tent was 1/9, the conductivity of the grafted binder PCNT (8:1)
improved, while the conductivity of the blended binder BPCNT (8:1)
remained similar to that of polyfluorene (Fig. S10). In BPCNT (Fig. 3d),
owing to n-r stacking interactions, the conjugated main chains of some
polymers draw near to the surface of the CNTs. Their anionic side chains
extend outward, resulting in the repulsion of the remaining polymers. As
the anionic side chains push each other away, continuous electron
transport is consequently impeded. In PCNT, the main chains of
conductive polymer are anchored to the walls of nanotubes, where they
mutually repel each other, thus forming spread planetary-like molecu-
lar-level electron transport channels. When the CNTs weight fraction
reached 20 wt % (Fig. 3e), more polymers were grafted onto the CNTs,
resulting in a conductivity improvement by an order of magnitude in
PCNT (4:1). However, the increase in conductivity in BPCNT (4:1) was
not as substantial. When the CNTs content reaches 50 wt %, the long-
range conductive pathways established by the CNTs interconnect to
become the primary conduits for electron transport. This transition re-
sults in the conductivity of PCNT and BPCNT binders becoming
approximately equal. The previous section has already demonstrated
that the proportion of CNTs in the binder system should not be exces-
sively high. Therefore, enhancing the interaction between conductive
polymers and CNTs, while maintaining a moderate CNTs content, aids in
constructing a more continuous conductive network, thereby improving
macroscopic conductivity overall.

PL spectroscopy was conducted to investigate the difference in
electron transfer capacity between CNTs and PF in the two binder sys-
tems (Fig. 3f and S11). As the CNTs content increased, the PL peak in-
tensity of the PCNT binder was lower than that of the BPCNT binder.
This finding indicates that the conductive polymers grafted onto the
CNTs surface increased the contact with each other, facilitating
smoother local electron transfer between the two components. This is
clearly illustrated by the TEM images (Fig. S12). The surface of the CNTs
in the PCNT binder is covered with a layer of amorphous conductive
polymer, and almost no polymer is observed on the surface of the CNTs
of the BPCNT binder. This may derive from the lack of interaction be-
tween polymer and CNTs in BPCNT, the polymer was washed away after
the sample preparation using the solution dispersion-drip method.
Moreover, when the CNTs content was relatively low, the PL peak in-
tensity of PCNT (8:1) exceeded that of BPCNT (8:1). At this ratio
(Fig. S13), there are more free conductive polymer segments that are
farther away from the grafted segments as well as the CNTs surface due
to repulsion between anionic groups, which limits the contact between
the CNTs and free PF chains, thus hindering local electron transfer.
Therefore, when increasing the polymer content in PCNT binders to
improve its adhesion and dispersion, it is worth noting that the free
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polymer segments will cause limited improvement in macroscopic
conductivity and limit the ability of efficient electron transfer between
local CNTs and conjugated segments. In other words, optimal macro-
scopic and electron transport efficiency of the binder may be achieved
when all polyfluorene segments in the system are grafted onto CNTs
surface.

The in-situ Raman spectra and finite element simulations were
conducted to assess the protective function of the grafted polymer layer
on the CNTs (Fig. S14-S15 and Table S2) between CNTs and active
particles. During the lithiation process, the downshift (from 1592 cm™!
to 1550¢c m~!) of the G band represents the tensile strain of the CNTs in
the BPCNT (4:1) electrode. Further deep lithiation leads to the emer-
gence of high-strain peak (1445 cm ™), as well as sp® peaks representing
new defects and silicon band peak exposed by expansion. The result

conductive binder membranes. (f) The PL spectra of grafted versus ungrafted CNTs

shows that the grafted polymer layer in PCNT binders served as a buffer
between the CNTs and the particle during the expansion process. It
enabled stress dissipation and maintained the integrity of the conductive
network. However, the polymer layer in BPCNT binders fails to fully
cover the surface of the CNTs, resulting in localized stress concentrations
where the CNTs contact with the particles. This phenomenon leads to
particle pulverization and damage to the CNTs. Therefore, the PCNT
binder integrates the macroscopic electron transport channel (CNTs)
(Fig. S16) with the microscopic electron transport channel (poly-
fluorene). This integration yields a robust and interconnected conduc-
tive network, exhibiting remarkable conductivity, dispersibility and
mechanical properties.
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2.3. Improved electrochemical performance of Gr/SiOy electrodes

The electrochemical performance of the Gr/SiO, (Fig. S17) (5wt %
binder/additive) ||Li half-cells was evaluated using galvanostatic
charge-discharge tests. Firstly, the initial cycle voltage profile (Fig. 4a)
shows that the PCNT (4:1) electrode exhibits the lowest polarization
among three conductive binders, attributed to the dense long/short-
range electron transport channels constructed by the CNTs intertwined
with conductive polymers. Following the in-situ electrochemical
impedance spectroscopy (EIS) analysis presented in Fig. 4b, it is evident
that incorporating CNTs as long-range electron transport pathways
significantly reduces the impedance of the Gr/SiOy electrode and the
PCNT (4:1) electrode exhibits the lowest impedance after the initial
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lithium intercalation. This phenomenon can be attributed to improved
conductivity of the N-type doped polyfluorene and the hierarchical
conductive network by PCNT. Consequently, even with minimal addi-
tion of PCNT binder, an effective depolarization network is built within
the silicon-based anode, leading to an increased capacity at the same
potential.

The electrochemical performance of CMC/SBR electrodes is also
evaluated using Gr/SiOy coin cells. Three additional types of Gr/SiO,
electrodes are fabricated as control samples using conventional CMC/
SBR binders: the electrode with Super P (SP) alone (CMC/SBR/SP), the
electrode with only CNTs (CMC/SBR/CNTs), and the electrode with
both CNTs and SP (CMC/SBR/SP/CNTs). Long-term cycling perfor-
mance (Fig. S18) shows that the CMC/SBR/CNTs electrode exhibits a
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typical binders for SiO, electrodes [14,25-58].
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specific capacity of 429 mAh g1 after 250 cycles, outperforming the
other two. Although incorporating CNTs as long-range electron trans-
port channels reduces the polarization of the CMC/SBR/SP electrode
and releases more reversible capacity (Fig. S19a), this enhancement is
limited. In the CMC/SBR/CNTs electrode (Fig. S19b), the absence of
conductive carbon (SP) leads to a capacity limitation of the graphite
material due to increased electrode polarization. In contrast, the internal
structural stability facilitates the release of capacity in the SiO, material.
Therefore, for silicon-based anodes, it is only by constructing a robust,
dense conductive network within the electrode that its full potential can
be realized. Therefore, grafting the conductive polymer, which serves as
short-range electron transport channels, onto the surface of CNTs not
only provides molecular-level conductive pathways between particles
but also collaborates with CNTs to construct the stable structural
framework.

The long-term cycling curves (Fig. 4c) reveal that the PCNT (4:1) (5
wt %) electrode exhibits a specific capacity of 672 mAh g™ after 350
cycles at 0.25 C, indicating a notable capacity retention rate of 86.0 %.
However, the PF electrode (Fig. S20a), due to the limited mechanical
strength, fails to suppress electrode cracking. Consequently, this failure
results in continuous side reactions with the electrolyte until the elec-
trolyte is completely consumed, causing a sharp decline in electro-
chemical performance after 300 cycles. Interestingly, the BPCNT
electrode experiences worse cycling performance. The lack of interac-
tion between CNTs and the conductive polymer allows the CNTs to
pierce through the SEI, [59]. leading to direct exposure to the electrolyte
and triggering more vigorous reactions. In contrast, the PCNT (4:1)
binder effectively binds polyfluorene and CNTs, interlinking them to
form a robust structural framework for the electrode. The structure
effectively prevents direct contact of the electrolyte with CNTs, avoiding
subsequent electrolyte decomposition and the formation of a thick
interfacial layer. Thus, the electrode using PCNT (4:1) exhibits the
highest capacity retention of 84.2 %, corresponding to a specific ca-
pacity of 552 mAh g! after 300 cycles at 1 C (Fig. 4d). In addition, the
SiOy electrode using PCNT (4:1) binder also shows excellent cycling
performance (Fig. S20b). The potential profiles (Fig. S21) of different
cells after 300 cycles clearly illustrate the significant advantage of the
PCNT (4:1) electrode in minimizing overpotential. This result demon-
strates that the intertwined conductive network of long-range and
short-range connections plays a significant role in lowering voltage
polarization.

The coulombic efficiency curves of four electrodes are depicted in
Fig. S22. The coulombic efficiency of the PCNT (4:1) electrode reached
99.3 % after 7 cycles and remained stable above 99.8 % in subsequent
cycles without any fluctuations, suggesting the formation of a stable SEIL
In contrast, the curve of the BPCNT (4:1) electrode exhibits fluctuations
during cycling. This could be attributed to the repeated puncturing of
the SEI caused by rigid CNTs during the expansion of silicon-based
particles. This finding is further demonstrated by the EIS (Fig. S23).
BPCNT (4:1) electrode exhibited an increase in the resistance of the SEI
layer (Rggp) during cycling, while the PCNT (4:1) electrode maintains the
lowest Rggr. The incorporation of conductive binder significantly re-
duces the charge transfer resistance (R¢) of the electrodes, which could
be attributed to their molecular-level contact with active materials.
Grafting it onto the surface of CNTs helps stabilize the bulk-structure of
the electrode, ensuring the continuity and integrity of the electron
transport network, thereby maintaining R at a lower value. The four-
probe conductivity test (Fig. S24) of the cycled electrodes also demon-
strates that the introduction of conductive polymers ensures the effec-
tive electron percolation network during cycling, thereby stabilizing the
capacity release of the Gr/SiO, electrodes. The superior electronic
conductivity of the binder network in the PCNT (4:1) electrode further
elevates its electrochemical performance. In addition, temperature-
dependent EIS was used to explore the lithium-ion diffusion energy
barrier of the SEI layer on the anode surface. According to the Arrhenius
equation, the calculated activation energy of lithium-ion diffusion
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through SEI and electron transfer activation energy (Fig. S25) indicate
that the binder network constructed by PCNT (4:1) maintains the low
lithium-ion diffusion energy barrier through the SEI layer on the particle
surface. Therefore, the PCNT (4:1) not only constructs an excellent
electron percolation network, but also prevents lithium-ion diffusion
blockage at the interface. This stabilizes interfacial charge transfer on
the silicon-based particles, thereby enabling the electrode to exhibit
exceptional rate performance (Fig. 4e and S26).

LCO||Gr/SiOy coin-type full cells were also assembled to further
evaluate the electrochemical performance of the PCNT electrode. As
expected, the full cell exhibits 98.6 % capacity retention within 200
cycles at 0.5 C, outperforming other cells in performance (Fig. 4f). In
short, although the PCNT binder accounts for only 5 wt % of the total
weight in Gr/SiO, electrodes, compared with previously reported
typical binders (Fig. 4 g and Table S3), the constructed interwoven
multi-scale conductive network still enables stable long-term cycling
and excellent rate performance of electrodes with high anode material
content. It is attributed to the thorough preservation of the bulk-
structure and the interphase of the electrodes.

2.4. Reinforced structural stability of cycled electrodes

To reveal the reinforcing effect of the concrete structural framework
constructed by PCNT on the bulk-structure of the Gr/SiO, electrodes, in-
situ expansion test (Fig. 5a-c) was conducted in the coin cell. During the
initial lithiation, the PF electrode exhibits the initial expansion rate of
104 %. The addition of CNTs effectively restrained the electrode’s
swelling, reducing the expansion rate of the BPCNT (4:1) electrode to 87
%. The PCNT (4:1) electrode leveraged CNTs to crosslink low molecular
weight conductive polymer, maximizing CNTs as reinforcing structures
to enhance stability, ultimately limiting the expansion rate to 80 %.
Moreover, the swelling of the PCNT (4:1) electrode remained stable
throughout subsequent cycles, whereas the expansion curves of the
other two electrodes continued to rise. It is worth mentioning that the PF
electrode, which lacks long-range structural components, exhibited
varying degrees of local fracturing, as indicated by the irregular fluc-
tuations in the expansion curve. In the CMC/SBR binder system
(Fig. S27), the initial expansion rate of the CMC/SBR/SP electrode
reaches as high as 135 %, while the addition of CNTs reduce the elec-
trode’s expansion rate. Moreover, the CMC/SBR/CNTs electrode ex-
hibits higher reversible expansion during subsequent cycles, further
demonstrating that carbon nanotubes, in addition to facilitating electron
transport, also play a crucial role as structural components in silicon-
based electrodes.

The PCNT binder, on the one hand, utilizes the abundant carboxyl
groups of the conductive polyfluorene side chains to interact strongly
with the hydroxyl groups on the surface of SiO, particles, providing
localized adhesive strength (Fig. S28). On the other hand, it leverages
the unique shape and outstanding mechanical properties of CNTs to
interconnect these local adhesive networks, thereby constructing a
robust rebar-like structure that limits the electrode’s expansion, akin to
reinforced concrete. The top-view SEM image (Fig. S29) of the PCNT
(4:1) electrode after 200 cycles demonstrates the preservation of surface
integrity and continuity. The cross-sectional SEM images (Fig. 5d-f and
S30) more clearly reveal the structural advantages of the PCNT binder.
In the traditional CMC/SBR system, the incorporation of carbon nano-
tubes significantly prevents the formation of large continuous void
during expansion. Similarly, this enhancement in structural stability is
also reflected in the controlled void expansion of the BPCNT (4:1)
electrode compared to the PF electrode. For the PCNT (4:1) electrode,
despite 200 cycles at 1C, the cross-sectional SEM image shows only
minimal porosity. It is attributed to the robust, quasi-reinforced concrete
structure, which plays a crucial role in limiting electrode cracking.
Understandably, it also reduces the continuous contact between anode
particles and the electrolyte, directly influencing the formation of a
stable interfacial layer.
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This finding is further corroborated by the focused ion beam and
scanning electron microscopy (FIB-SEM) technology, [9]. which reliably
confirm these results and offer a comparative analysis of the differences
in component content within the electrodes. Reconstruction of a series of
SEM images with a step size of 50 nm reveals the three-dimensional
structure of the components near the electrode surface (Fig. 5d-f, and
S31-33). After 200 cycles, the PF electrode exhibited a bulk porosity of
16.23 %, while the porosity of the BPCNT (4:1) electrode decreased to
14.88 %. In contrast, the porosity of the PCNT (4:1) electrode was
confined to 9.99 %, and the pulverization of internal anode particles was
also effectively suppressed. Consequently, the contact between the
electrolyte and anode particles decreased, promoting the formation of
stable SEI at the interface. In comparison, the repeated fracture and
regrowth of the interfacial layer in the other two electrodes led to an
increase in the proportion of organic components. Therefore, the
exceptional electrochemical performance of silicon-based electrodes is

inseparable from the structural stability of the electrodes, which is
directly linked to the stability of SEI.

2.5. Enhanced interphasial stability of the electrodes

The binder, as the main component of the interfacial phase on the
surface of the anode particles, directly influences the derivation of the
SEI during electrochemical processes. In-situ FTIR spectra (Fig. 6a-c)
were used to analyze the evolution of SEI at the interface of the anode
particles during the initial galvanostatic discharge process. The FTIR
signal measured at 2.5 V is used as a baseline, while the downward peak
detected in-situ indicates the depletion of electrolyte components near
the electrode surface. When the voltage decreases from 2.5 V to 0.1 V,
the presence of characteristic peaks regarding floroethylene carbonate
(FEC) and ethylene carbonate (EC) indicates that they are consumed at
the electrode surface [60-62]. Compared with the PCNT (4:1)
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electrodes, PF and BPCNT (4:1) electrodes have stronger signals repre-
senting FEC (1835 cm™ 1), Li*—FEC (1800 cm ™}, 1153 cm ™), EC (1776
em™ ) and Lit—EC (1742 cm’l, 1257 cm™ 1) on the surface indicating
more FEC and EC decomposition, and the lithium carbonate (LiCO3)
and organic carbonate components (ROCOLi) mainly decomposed from
EC were generated [63,64]. The PCNT (4:1) electrode surface mainly
undergoes FEC decomposition, and there are few carbonate compo-
nents, which is related to the construction of the protection of particles
by the constructed robust binder structural framework.

XPS and TOF-SIMS measurements (Fig. 6d-1 and S34-35) were
employed to further investigate the evolution of SEI on various elec-
trodes after cycling. After five cycles at 0.1C, the surface of anode par-
ticles was enriched with LiF derived from the decomposition of FEC and
lithium hexafluorophosphate (LiPFg) [65]. The LiF-rich SEI layer not

only facilitates lithium-ion transport at the interface as well as passivates
the particle interface but also collaborates with the binder, leveraging its
high modulus to constrain the expansion of SiO, particles and maintain
interphasial charge transfer [60,65-67]. However, the XPS Li 1 s spec-
trum reveals that the surfaces of the PF and BPCNT (4:1) electrodes
contain more decomposition products (Li,CO3/ROCO-Li) of EC, which
was consistent with the in-situ FTIR spectra results of the Gr/SiO,
electrodes during initial discharge. For the PF electrodes, it is due to the
fact that the conductive polymer itself has a relatively low molecular
weight and is unable to resist the expansion of silicon-based particles, so
that the electrolyte is constantly in contact with the surface of the SiOy
particles. After mixing CNTs directly into the electrodes, the lack of
interaction between the CNTs and the conductive polymer causes the
rigid CNTs to puncture the SEI and further contact it with the electrolyte



L. Wang et al.

during swelling.

After 200 cycles at 1C, the PF electrode shows repeated growth of the
interfacial layer due to bulk structural cracking, and the LiF component
of the initial SEI is diluted by the decomposition products of LiPFg
(LiyPOyF,, LiyPFy) and EC (Li;CO3, ROCO,Li) (Fig. 6e), which is also
demonstrated by the results presented by the TOF-SIMS depth profiles
(Fig. 6f). Therefore, the electrolyte enters the internal void of the elec-
trode, allowing it to carry out continuous side reactions at the particle
interface, which leads to the depletion of the electrolyte with the in-
crease of cycle time, directly causing a sudden drop in electrode per-
formance (Fig. 4c). The TEM image (Fig. S36) of the corresponding
particle surface shows a thick SEI layer. The continuous increase in
lithium carbonate and lithium salt derivatives (Fig. 6h and i) on the
surface of the anode particles in the BPCNT (4:1) electrode further re-
flects that the direct addition of CNTs, which lack interaction with the
binder system, is insufficient to meet the demands of high-performance
electrodes with a high proportion of silicon-based materials. Even
though the high-modulus SEI was initially constructed, it could not
prevent the persistent contact between the rigid carbon nanotubes and
the electrolyte (Fig. S37), likewise leading to complete electrolyte
depletion. For the PCNT (4:1) electrode, the PCNT binder bonds the
CNTs with polyfluorene, with polymer chains tightly adhering to the
surface of SiO,, anchoring the carbon nanotubes firmly to the surface of
the anode particles. This forms a reinforced quasi-reinforced concrete
structure within the electrode. PCNT (4:1) collaborates with a signifi-
cant amount of LiF (Fig. 6k and 1) at the electrode surface to establish a
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stable charge transfer interphase, preventing the carbon nanotubes from
piercing the SEI and reacting continuously with the electrolyte
(Fig. S38). Galvanostatic intermittent titration (GITT) tests demonstrate
that the PCNT (4:1) electrode has a higher LiT diffusion coefficient
(Fig. S39) after 100 cycles, which can only be contributed by the stable
interphasial charge transfer of anode particles.

Briefly, in Gr/SiOy electrodes with ultra-low binder contents (Fig. 7),
the traditional conductive binders, due to their inherently low molecular
weight, fail to provide the necessary mechanical properties to accom-
modate the expansion and contraction of the electrode during lithiation
and delithiation cycles. It leads to a disruption of long-range electron
transport and facilitates the ingress of additional electrolyte into the
voids, where side reactions occur. After the direct incorporation of
CNTs, these one-dimensional, high-strength structural elements enhance
the structural stability of the electrode, significantly reducing its
expansion. However, due to the lack of strong interactions between the
CNTs and the conductive polyfluorene segments, the CNTs struggle to
return to their original positions adjacent to the silicon particles after
each volumetric change cycle. Consequently, the previously continuous
long-range and short-range electron transport channels are disrupted.
The PCNT binder incorporate conductive polymer segments that facili-
tate short-range electron transport with CNTs that enable long-range
electron conduction, thereby constructing an interconnected network
(Fig. 7). Concurrently, it forms a robust quasi-reinforced concrete
structure, which aids in maintaining the integrity of the conductive
network and achieving a remarkable synergy between conductivity and
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mechanical strength. The electron transport network, characterized by
remarkable structural stability, effectively constrains the volumetric
fluctuations and void expansion of Gr/SiOy electrodes during charge-
discharge cycles. Moreover, the PCNT binders suppresses the acupunc-
ture effect (Fig. S38) of rigid carbon nanotubes on SEI, prevents the side
reaction of continuous contact between CNTs and electrolyte, and alle-
viates the aging of the solid-electrolyte interface at the particle interface,
thereby enabling Gr/SiO, electrodes to attain exceptional electro-
chemical performance.

3. Conclusion

In summary, the novel polymer-grafted carbon nanotube conductive
binder (PCNT) fully leverages the exceptional electrical conductivity
and mechanical properties of carbon nanotubes, forming a quasi-
reinforced concrete structure with multi-scale conductive pathways. It
demonstrates superior macroscopic electronic conductivity, along with
electron transfer between the conductive polymer and CNTs. Therefore,
the binder framework more effectively constrains the bulk expansion
and void cracking of electrodes, while preventing derivatization re-
actions caused by continuous contact between the electrolyte and the
anode particles and CNTs, thereby avoiding constant SEI growth. The
stability of the bulk/interphase-structure (induced by only 5wt % novel
binder without other additives) enables the commercial Gr/SiO, elec-
trodes to exhibit significantly enhanced cycling performance and rate
capability. The innovative binder design that effectively integrates
conductivity, adhesion and mechanical strength offers new avenues for
the large-scale application of high-performance electrodes with high
anode material content.
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