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GRAPHICAL ABSTRACT

ABSTRACT

The growing demand for sustainable energy solutions has highlighted the crucial role of lithium-ion batteries
(LIBs) in the global energy transition. However, the conventional use of polyvinylidene fluoride (PVDF) binders
combined with toxic solvents like N-methyl-2-pyrrolidone (NMP), in the LIBs manufacturing process, poses
environmental and cost concerns. In this study, three different water-soluble polysaccharides, sodium alginate,
tragacanth gum, and carrageenan, are investigated as suitable binders for silicon/graphite composite anodes. The
three single polysaccharide binders are initially screened through rheological and electrochemical analyses to
ensure compatibility with slurry processing, electrode and cell manufacturing. From the pre-screening, sodium
alginate emerges as the most promising candidate, demonstrating favourable rheological properties and elec-
trochemical stability. To further improve electrode mechanical properties and long-term electrochemical per-
formances, sodium alginate is mixed with lithiated polyacrylic acid in binary mixtures with a total binder content
of 3 wt%. The optimal formulation, 21ipaa:1a1G, exhibits enhanced cycling stability and higher specific capacity
retention compared to single-binder systems. Statistical analysis confirms the significant influence of binder
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mixture composition, highlighting the complementary mechanical and electrochemical roles of ALG and LiPAA.
In comparison with previously reported crosslinked or grafted binder systems that require chemical modification,
this approach uses a simple physical mixing strategy, improving the electrochemical behaviour, preserving
processability. Overall, the results demonstrate that rationally designed combinations of natural and synthetic
water-soluble binders offer a viable strategy to balance mechanical integrity, sustainability, and electrochemical
performance, providing valuable insights for the development of next-generation LIB anodes.

1. Introduction

Introduced into the market in 1991, lithium-ion batteries (LIBs) have
experienced continuous and steady growth. Their development has been
closely tied to the rapid technological advancements of recent decades,
making them the most widely used energy storage systems for a broad
spectrum of devices. At the same time, the constant advancement in
battery performances has driven technological innovation, as well as the
proliferation of new electronic devices, both small and large, which have
become an integral part of our daily lives (Li et al., 2018).

Today, LIBs are used not only in smartphones and laptops, but also in
advanced medical machinery, tools, drones, bicycles, electric vehicles,
and energy storage devices for renewable energy sources. Thanks to
their increasingly advanced performance, such as high energy density,
long lifespan, and fast charging capabilities, these batteries can play a
crucial role in the transition to a more sustainable energy system. For
example, LIBs can support the large-scale adoption of renewable energy
sources and significantly contribute to the decarbonization of the
transportation sector, steering toward a future with reduced carbon
emissions (Golombek et al., 2022; Mehigan et al., 2022; Kim et al.,
2023).

However, some key aspects still need to be improved. They primarily
concern the materials used in battery production, but also the overall
manufacturing process and the ability to effectively recycle materials at
the end of the battery lifecycle. In the past years, the major efforts to
enhance the LIBs performances have predominantly focused on studying
and developing the active materials directly involved in the electro-
chemical processes (Rolandi et al., 2024). More recently, greater
attention has been paid to the entire manufacturing process of batteries,
emphasizing not only performance, but also cost efficiency and sus-
tainability of the overall production chain (Diihnen et al., 2020). This
shift has driven the research community to also focus its attention on
other essential battery components, which are fundamental but not
directly involved in the electrochemical reactions, commonly referred to
as “inactive electrode materials” (Streipert et al., 2020). Among them,
even if present in small quantities (2-5 % by weight), the polymeric
binder plays a crucial role in the proper functioning of the batteries,
ensuring the structural integrity of the electrode by holding its compo-
nents together, and providing strong adhesion to the current collector,
consequently allowing efficient electrochemical reactions (Rolandi
et al., 2024; Yang et al., 2024).

During the last years, the exploration of new binders quickly shifted
to water-soluble materials, primarily due to their greater eco-
sustainability. Notably, N-methyl-2-pyrrolidone (NMP), commonly
used to dissolve polyvinylidene fluoride (PVDF), is reprotoxic and
teratogenic, contributing to health hazards and environmental pollution
during production and disposal processes. Additionally, eliminating
toxic and costly solvents, like NMP, from the manufacturing process
offers significant economic benefits: using water-soluble binders is
significantly cheaper than PVDF and enables 40 % energy savings in
electrode manufacturing, compared to an organic solvent-based process
(Bresser et al., 2018; Liu et al.). Beyond these advantages, the use of
water-soluble binders supports the important concept of “design for
recycling”. In fact, numerous studies have demonstrated that aqueous
binders enable quicker, more efficient, and cost-effective separation of
electrode components during the recycling process, simplifying the
battery end-of-life disposal (Rolandi et al., 2024; Scott et al., 2023). At

the same time, some recent studies have focused on the development of
alternative, completely fluorine-free binders for the fabrication of
next-generation LFP and NMC-based cathodes (Zhang et al., 2021;
Montes et al., 2024; Leibetseder et al., 2024).

Finally, the increasing interest in silicon-based anode electrodes,
able to enhance the electrochemical performance of batteries, has made
the use of aqueous binders essential. In fact, silicon, despite its huge
specific capacity (4200 mAh/g for Lis 4Si), is characterized by one sig-
nificant drawback: it undergoes a volume expansion of over 300 %
during the lithiation process. This huge expansion causes mechanical
issues in the electrode structure, leading to dramatic capacity fading
(Yang et al., 2024; Li et al., 2021a). In this frame, the binder, although
present in small quantities, can play a fundamental role, as demon-
strated in some recent studies. As an example, Vanpeene et al. investi-
gated the addition of cations to CMC binder able to improve the
performance of silicon-based anodes. In particular, they investigated
how Zn?' coordinates with the CMC carboxylate groups, forming a
cross-linked network that enhances the electrode mechanical properties.
Using the combination of in operando and in situ X-ray tomography, the
authors show that the coordinated binder reduces cracking, limiting
irreversible expansion, and maintaining better adhesion to the current
collector during cycling. In addition, they observed that the coordinated
binder leads to a more uniform SEI layer, decreasing the electrolyte
degradation upon cycling (Vanpeene et al., 2025).

Sedlatschek et al. used in operando SEM to study graphite-SiOy
based electrode during cycling. They observed that SiOy particles did not
crack during the initial cycles, but the electrode exhibited significant
particle rearrangement and local strain, mainly due to binder cracking.
This means a progressive loss of adhesion, which leads to structural
rearrangements, increased internal resistance, and gradual capacity
fade. These results highlight that mechanical degradation of the binder
network, rather than fracture of the active material particles, is the
initial factor of driving capacity fade and performance loss (Sedlatschek
et al., 2025). More generally, as widely reported, binders rich in func-
tional groups such as hydroxyl (-OH), carboxyl (-COOH), amino (-NHy),
amide (-CONHy), etc., can effectively mitigate the mechanical stresses
caused by the volumetric expansion of silicon particles. This is possible
thanks to the formation of hydrogen bonds between the functional
groups of the binders and SiOy on the surface of silicon particles, which
preserves the structural integrity throughout the electrochemical pro-
cess (Yang et al., 2024). Among aqueous binders, the polysaccharide
sodium carboxymethylcellulose deserves a special mention. Since the
preliminary studies by Drofenik et al. (2003), it has emerged, combined
with styrene-butadiene rubber (SBR), as the main choice for the pro-
duction of graphite-based anodes and lithium iron phosphate-based
cathodes. Subsequently, a variety of other natural polysaccharides
have been investigated, primarily for silicon-based anodes, thanks to
their richness in hydroxyl and carboxyl functional groups. These include
sodium alginate, guar gum, xanthan gum, chitosan, and many others
(Bresser et al., 2018). At the same time, synthetic binders such as pol-
yacrylic acid (PAA) have garnered significant attention, thanks to the
strong interactions with silicon particles, the high elasticity, and the
capability to mitigate Si volume expansion (Yang et al., 2024; Li et al.,
2021a). However, common polysaccharides suffer from poor tensile
properties, resulting in insufficient electrode structure stabilisation
during the lithiation/de-lithiation process. Similarly, PAA tends to
consume lithium ions during the solid electrolyte interphase (SEI)
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formation process, resulting in low initial Coulombic efficiency (ICE)
and a subsequent capacity decay in Si-based anodes. Meanwhile, the
lithiated PAA (Li-PAA) has shown limited volume changes mitigation
during cycling. Overall, all these binders possess a one-dimensional
structure that cannot completely suppress the volume expansion of sil-
icon particles. As a result, significant attention has been paid toward
developing 3D structures, often by combining two or more binders
through grafting, crosslinking, or similar processes (Yang et al., 2024; Li
et al., 2021a). Recent studies show that the formation of crosslinked
polymer networks, obtained by linking different polymers through co-
valent bonds, ionic interactions, or hybrid structures, can potentially
increase the mechanical strength, adhesion of the active material, and
stabilize the SEI layer, allowing for improved electrical contact and
better electrode cyclability (Zhong et al., 2024; Yi et al., 2025; Lai et al.,
2022). For instance, PAA has frequently been combined with poly-
saccharides such as chitosan, sodium alginate, and CMC (Song et al.,
2019; Zhao et al., 2018; Hu et al., 2021). However, the use of crosslinked
systems still presents some critical issues related to the high stiffness of
the networks, the complexity of the synthetic processes, the difficulty of
processability of the slurries, and the resulting additional costs, which
limit their feasibility and scalability for industrial or pre-industrial ap-
plications (Zhong et al., 2024; Yi et al., 2025; Lai et al., 2022).

This study presents an in-depth screening of several natural binders
to assess their suitability for anodic formulations based on commercial
silicon suboxides/carbon combination (SiOx/C). The selected binders
are bio-derived materials with high natural availability, including so-
dium alginate (Guo et al., 2019), tragacanth gum (Versaci et al., 2023)
and carrageenan (Cuesta et al., 2015; Li et al., 2021b; Jang et al., 2022),
all of which are rich in carboxylic and hydroxyl groups. Among these,
the most promising binder was further investigated in a binary mixture
with LiPAA in different proportions. The evaluation of the binary binder
mixture was performed using simple linear regression and analysis of
variance (ANOVA) to study the effects of binder percentage on specific
performance responses. This methodological approach also facilitated
the investigation of potential correlations between the binder ratio and
the observed outcomes, providing a comprehensive understanding of its
influence on the system behaviour (Roman-Ramirez and Marco, 2022).
Simultaneously, considerable attention was focused on the study of the
rheological behaviour of the binder mixtures and corresponding slurries.
This analysis offered valuable insights into the processability and scal-
ability of the system, ensuring that the optimal binder formulation
among the investigated ones guarantees the best overall performance
and manufacturability of the electrodes.

2. Material and methods

The following section introduces the experimental methodology and
the techniques used for material and cell characterization.

2.1. Anode manufacturing and electrochemical characterization

The binders evaluated included sodium carboxymethyl cellulose
(CMC, Mw: 1700 kDa, DS: 0.8 - 1.0, Daicel CMC2200, Aboshi, Japan),
sodium alginate derived from brown algae (ALG, Mw: 200 kDa, Sigma-
Aldrich, St. Louis, MO, USA), tragacanth gum (TG, Mw: 600 — 800 kDa,
Sigma-Aldrich, St. Louis, MO, USA), carrageenan (CG, Mw: 300 — 500
kDa, Sigma-Aldrich, St. Louis, MO, USA) and polyacrylic acid (PAA, 250
kDa, 35 wt %, Sigma-Aldrich, St. Louis, MO, USA). The PAA was lithi-
ated using lithium hydroxide monohydrate (LiOH-H,0) at a molar ratio
of 1:1 (PAA:LiOH-H»0) in an aqueous solution. Successively, the binary
binder mixtures were prepared with weight ratios of 1pjpaa:2aLG,
1ripaa:1larg, and 2pipaailarg. All solutions were prepared at a concen-
tration of 4 wt.% using deionized ultrapure Milli-Q water to ensure
complete binder solubilization. pH measurements were performed using
a pH meter (pH 60 DHS, XS Instruments). All measurements were con-
ducted at a controlled temperature of 25 °C to minimize the impact of
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temperature fluctuations on the results.

For the slurry preparation, a commercial partially oxidized SiOx/C
composite (D50: 16 + 2 pm, tap density: 1.15 + 0.05 g/cm?, specific
surface area: 1 + 0.5 mz/g, MTI® Corp., Richmond, CA, USA) was
selected as the active material, constituting 95 wt % of the total solid
mass. Carbon black C-NERGY™ Super C45 (BET surface area: 45 m?/g,
Imerys, Paris, France) was added at 2 wt % as the conductive additive,
while the binder constituted the remaining 3 wt %.

The mixing protocol initially involved the combination of the entire
amount of solvent with the binder using a mechanical impeller overhead
mixer (ARGOlab AM20-D, ARGOlab, Modena, Italy) at 1000 rpm. Suc-
cessively, the conductive additive (carbon black) was added, followed
by the active material (SiOy/C) addition. The mixing process continued
for a total of 3 h to ensure a homogeneous particle dispersion. The
resulting slurry was cast onto the copper current collector using an
automatic film applicator (AB4120 TGC Sheen®) and a doctor blade set
to a fixed thickness of 100 pm, at an application speed of 10 mm/s and
dried in an oven at 50 °C for 1 h in an air atmosphere. Subsequently,
electrodes with areas of 1.77 cm? and 0.79 cm? were cut out for gal-
vanostatic cycling and cyclic voltammetry test, respectively, vacuum
dried at 120 °C for 4 h (Biichi Glass Oven B-585), and transferred into an
Ar-filled glovebox (MBraun Labstar, HoO and O3 content <1 ppm) for
the assembly of two- (Coin cell 2032) and three-electrode (Swagelok-
type) cells. The final mass loading of the electrodes ranged from 3.2 to
4.2 mg/cm? and it was verified by sampling performed on 15 electrodes
for each coating obtained. For all the electrochemical tests, glass fiber
separator (Whatman) was filled with an electrolyte consisting of 1M
LiPFg 1 M dissolved in a 1:1 mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC), with 10 % of fluoroethylene carbonate (FEC)
and 2 % of vinylene carbonate (VC) (Solvionic, Toulose, France).

For the electrochemical stability test, the binder solutions were
casted upon the collectors using the same parameters previously applied
for the slurry. The electrochemical reactivity of the binders was evalu-
ated by testing the resulting electrodes (0.79 cm?) in a three-electrode
cell (T-cell) with lithium metal disks used as both the reference and
counter electrodes. The voltage range was set between 0.01 and 2 V with
a scan rate of 0.1 mV/s and the measurements were conducted using a
versatile multichannel potentiostat (VMP-3 Biologic, Grenoble, France).
The same voltammetry test was carried out on half-cell containing SiOy/
C electrodes manufactured with different binder formulations.

The electrochemical characterization including galvanostatic
charge/discharge cycling was carried out using an ARBIN LBT-210
battery tester at room temperature. The test was conducted in half-cell
configuration, using lithium metal as the counter electrode, in a
voltage range of 0.01 to 1.5 V. The cycling protocol included a constant
current discharge step up to 0.01 V followed by a constant voltage step
(CV) fixed at 0.01 V, maintained until a specific current was reached, to
ensure complete lithiation of the silicon oxide particles, finishing with a
constant current charge step up to 1.5 V. Specifically, the rate capability
cycling protocol starts with an initial 5-cycle loop to allow a stable SEI
layer formation. Each cycle consisted of a constant current (CC)
discharge at C/10, followed by a constant voltage (CV) hold at 0.01 V
until the current decreased to C/100, and concluded with a CC charge at
C/10. This was followed by sequential cycling steps: 5 cycles at CC C/5
with CV C/50, 5 cycles at CC C/2 with CV C/20, 5 cycles at CC 1C with
CV C/10, 5 cycles at CC 2C with CV C/5, and, finally, 5 cycles at CC 1C
with CV C/10, with a total test duration of 30 cycles. The long cycling
protocol adopted consisted of 3 cycles at CC C/10 and CV C/100, fol-
lowed by 5 cycles at CC C/5 and CV C/50, and then 292 cycles at 1C and
CV C/10, totalling 300 cycles. Potentiostatic electrochemical impedance
spectroscopy (PEIS) analyses were conducted on a versatile multi-
channel potentiostat (VMP-3 Biologic). Alternative current (AC)
impedance measurements were performed before cycling with an
amplitude of 10 mV over a frequency range of 100 kHz-100 MHz, after
three formation cycles at C/10 and after the rate capability (RC) test.
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2.2. Rheological characterization

The rheology tests were performed on solutions containing 2.4 wt %
binder, maintaining the same binder-to-water ratio as in the slurry
formulation, using a rotational rheometer (NETZSCH Kinexus Prime
pro-+, Selb, Germany). Rheology tests were also performed on the slurry
using the aforementioned instrument to monitor the viscosity of the
slurry at various shear rates. The tests were conducted over a 102 to 10°
1/s shear rate range, using a cone-plate geometry with a 4° angle and a
40 mm diameter. Additionally, the elastic and viscous moduli of both the
binder solutions and slurries were measured across different frequency
ranges: from 102 to 10! Hz for the binder solutions and from 150 to
1072 Hz for the slurries, using a parallel plate geometry with a fixed gap
of 0.5 mm. These measurements were performed within the linear
viscoelastic region using amplitude and frequency sweep tests.

2.3. Physico-chemical characterization

Thermogravimetric analysis (TGA) was performed using a Linseis
TGA PT 1600 instrument with a heating rate of 10 °C/min in air, from
room temperature to 1000 °C.

Field emission scanning electron microscopy (FESEM) analysis was
performed using a Zeiss SUPRA TM 40 with Gemini column and a
Schottky field emission tip (tungsten at 1800 K). Images were acquired
at an acceleration voltage of 3 kV, with a working distance ranging from
2.1 to 8.5 mm, and a maximum magnification of 250 kX. Energy
dispersive X-rays (EDX) analysis was performed using an Oxford X-Act
EDX Spectrometer (Oxford Instruments).

Self-standing pure and binder mixtures, obtained by solvent casting
process and successively vacuum dried, were investigated via FT-IR
spectroscopy employing a ThermoFischer Scientific FT-IR Spectrom-
eter in a wavenumber range between 525 and 2200 cm ™! with 32 scans
and a resolution of 4 cm™! in ambient air.

2.4. Statistical analysis (simple linear regression and ANOVA)

The binary binder mixtures weight ratios were selected to achieve
equidistant points in the data space. The input parameters included the
weight fractions of LiPAA and ALG. A mathematical model was devel-
oped using the parameters to capture interactions and accurately predict
outcomes, including the specific capacities at the 5th, 10th, 15th, 20th,
25th, and 50th cycles. Following a one factor at a time approach, the
percentage of LiPAA was systematically varied while maintaining ALG
as its complement to evaluate the resulting responses.

3. Results and discussion

The initial phase of this study focused on the investigation of various
polysaccharides as potential binders for aqueous-based slurries. Three
different binders were chosen: ALG, CG, and TG. These polysaccharides
were selected as their chemical structure are rich in -COOH and -OH
functional groups, and because they are widely available and eco-
friendly (Diihnen et al., 2020; Bresser et al., 2018; Zhang et al., 2024).
Aqueous solutions at 4 wt % of each binder were prepared to evaluate
the pH, which is one of the key parameters to take into account in the
slurries preparation processes. As it can be observed in Table S1, the
measured pH values for the binder solutions ranged from 5.5 to 7.5,
which is generally considered suitable for slurry processability. More
specifically, among the binders investigated, TG exhibited the most
acidic pH (5.49), whereas ALG showed the most basic pH value (7.44). It
is worth noting that, as reported in the literature (Schwarz et al.), TG
demonstrates its highest stability and optimal rheological properties at a
slightly acidic pH (just above 5). Moreover, mildly acidic suspensions
are typically preferred to achieve better electrochemical behaviour in
the context of silicon-based anodes. In contrast, a highly basic pH can
lead to several issues, including silicon dissolution, instability of the SEI

Journal of Cleaner Production 554 (2026) 148153

layer and binder degradation (Dang et al., 2020). In parallel with the
polysaccharide binders, LiPAA binder was investigated. The neutrali-
sation was achieved by mixing PAA with lithium hydroxide mono-
hydrate (LiOH-H20). This reaction led to the formation of lithium salts,
as the lithium ions reacted with the carboxyl groups in the polymer,
stabilising its structure, reducing its acidity, and possibly increasing the
availability of lithium in the final cell. For this study, PAA with a mo-
lecular weight of 250 kDa was selected, as previous research has
demonstrated superior electrochemical performances for this specific
molecular weight (Armstrong et al.; Truong et al., 2021).

Each binder solution was subsequently diluted with water to obtain a
final binder concentration of 2.4 wt %, consistent with the binder to
water ratio used in the final slurry formulation and was then subjected to
rheological analysis. The rheological measurements included the vis-
cosity behaviour over a range of shear rates (Fig. 1a) and the frequency
sweep tests within the linear viscoelastic region of the solutions
(Fig. 1b—e). The purpose was to confirm the non-Newtonian viscoelastic
behaviour and shear thinning properties of the samples, and to verify
that the binder solutions did not exhibit purely gel-like characteristics.
In fact, pure gel-like properties can result in slurries with poor adhesion
to the collector, compromising the structural integrity of the electrodes
and, ultimately, reducing the electrochemical performance of the Li-ion
cell (He et al., 2022; Lee et al., 2010; Reynolds et al., 2022a, 2022b). The
viscosity curves (Fig. 1a) show that CMC, used as a reference in this
study, exhibits significantly higher values at low shear rates compared to
the other binders. This reflects a better behaviour of the solution in the
resting storage regime, where a stronger network structure enhances
stability and prevents particle sedimentation (Ouyang et al., 2020).
Within the coating shear rate range (10-500 1/s) (Sullivan and Bose,
2022; Nguyen et al., 2015), ALG reaches viscosity levels comparable to
those of CMC, while TG exhibits a constant slope, with viscosity values
higher than ALG at low shear rates, which contributes to improved
slurry stability. However, at higher shear rates, TG viscosity decreases,
likely due to the scission of polymer chains; this behaviour is attributed
to the specific composition of TG, which includes a mixture of soluble
tragacanthin and gel-forming bassorin, some of which may be more
susceptible to shear-induced degradation. In contrast, CG exhibits a
sharp initial drop in viscosity, indicating premature mechanical degra-
dation. In Fig. 1b—e, the elastic (G') and storage moduli (G"), along with
the phase angle, obtained as a result of the frequency sweep tests, are
shown for ALG, TG, CG, and CMC, respectively, enabling a direct com-
parison of their viscoelastic properties. ALG, TG, and CMC exhibit
liquid-like behaviour at low shear rates, as indicated by a higher phase
angle. For TG and CMC, a crossover between G' and G" occurs at
approximately 2 and 3 Hz, respectively. This crossover corresponds to
the relaxation time of the binder solution. Beyond this point, the time-
scale becomes shorter than the relaxation time of the polymer chains,
preventing them from reorganising efficiently. As a result, the binder
exhibits a more elastic, solid-like behaviour, reflected by a phase angle
dropping below 45° at higher frequencies (He et al., 2022). In contrast,
CG exhibits gel-like properties over the entire spectrum of the analysis:
G'and G" remain largely frequency-independent, with a low phase angle,
indicating a pure solid-like response. G’ > G” confirms that the elastic
component of the material response, which stores and recovers energy,
outweighs the viscous component, which dissipates energy (Lee et al.,
2010). When incorporated into the slurry, this pronounced gel-like
behaviour resulted in poor adhesion to the collector, leading to an un-
feasible coating process.

Following the initial screening, the selected polysaccharide binders
were incorporated into the slurry formulation along with carbon black
and the active material, of which SiOy accounts for 6% of the total active
material content, as determined by TGA (Fig. Slc). All information
regarding the active material is shown in Fig. Sla—e. The 4 wt % single
binder solutions were used to prepare the slurries, after which the
remaining water was added to achieve a solid fraction of 45 %, ensuring
better component mixing. The pH value was not significantly influenced
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Fig. 1. Viscosity profiles of all binder solutions as a function of shear rate (a), and frequency sweep test results for ALG (b), TG (c), CG (d), and CMC (e) solutions (2.4

wt %).

by the dilution, as the binder percentage in the slurry has minimal
impact on the pH. The slurry was mixed using a helical overhead stirrer
for 3 h at a constant speed of 1000 rpm. This speed was consistently used
for all binders, as higher speeds (e.g., 2200 rpm) resulted in partial
binder degradation. After the slurry mixing process, rheological tests
were performed (Fig. 2). In general, all slurries exhibited increased
viscosity at low shear rates compared to the corresponding pure binder
solutions (Fig. 2a). This behaviour is attributed to the presence of solid
particles, which make the samples more solid. However, a shear-
thinning behaviour was maintained for all the slurries, highlighting
the importance of the binder properties and its contribution in deter-
mining the overall slurry viscosity (Reynolds et al., 2022b). It is widely

recognised that higher viscosity at low shear rates is preferable to
maintain slurry homogeneity and prevent particle sedimentation, while
lower viscosity at high shear rates is preferable to ensure effective
coating processability (Sullivan and Bose, 2022; Nguyen et al., 2015). In
the present study, the slurry containing ALG and CG exhibited higher
viscosity at low shear rates, preventing sedimentation and exceeding the
viscosity of the slurry prepared with CMC, despite the pure CMC solution
itself being more viscous. This behaviour, indicative of the more
solid-like nature of ALG and the gel-like characteristics of CG at low
shear rates, was further confirmed through frequency sweep tests
(Fig. S2) performed after determining the linear viscoelastic region via
amplitude sweep tests. However, it is important to underline that, while
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Fig. 2. Viscosity profiles of all slurries as a function of shear rate for SiO,/C: ALG, TG, CG, and CMC (a). FESEM micrographs of pristine anode electrodes at different
magnifications: 2k (a—c) and 10k (d-f), showing electrodes composed of SiOy/C, carbon black, and various binders: ALG (b, e), TG (c, f), and CMC (d, g).

high viscosity is desirable, it should ideally be solid-like (Lim et al.,
2015). Analysing G’ and G’, ALG is solid-like with G’ > G’, while CG
maintains a gel-like structure (G° > G” and both moduli exhibit
frequency-independent values across the entire range, Fig. S2c) (Lee
et al., 2010; Kasinathan et al., 2018; Makino et al., 2024). Conversely,
the slurry containing TG showed lower low-shear rate viscosity, poten-
tially leading to increased sedimentation and phase separation. At
higher shear rates, the viscosity of the slurries containing ALG and CMC
became very similar, with a preferred shear-thinning behaviour that
reduces the stress applied on the film applicator. This behaviour also
leads to a greater G”, which facilitates uniform flow and improves the
smoothness and processability of the slurry. In contrast, at higher shear
rates, the observed drop in viscosity in TG and CG slurries is likely due to
the breaking of polymer chains, as previously reported for binder solu-
tions. As already mentioned, the slurry containing ALG exhibits a
complete change in rheological properties when incorporated into the
slurry, as opposed to when it is in the pure binder solution. This inter-
esting behaviour suggests that the strong interaction between ALG and
solid particles probably leads to a more solid and organised structure. By
contrast, slurries formulated with CMC and TG retain rheological
behaviour nearly identical to their respective binder solutions, making
their viscosity more binder-dependent (Fig. S2b and d). According to the
rheological results, and given the impossibility of obtaining a

homogeneous coating, CG was excluded from the subsequent analyses.

After the slurry mixing process, the slurries were coated onto the
copper current collectors and subjected to a double drying process to
evaporate all the water content. Subsequently, morphological analysis
was conducted on the electrodes using FESEM to further evaluate the
impact of each binder on the structural integrity of the electrode. As it
can be observed in Fig. 2b-g, all the electrodes show a uniform particle
distribution with no signs of delamination or cracks. Even though the
binders are not directly distinguishable in the FESEM micrographs due
to their polymeric nature and low concentration, their presence signif-
icantly contributes to the overall uniformity of the electrode structure
(Versaci et al., 2023; Tang et al., 2023; Chou et al., 2015). Indeed, the
micrographs reported in Fig. 2b—g predominantly reveal larger graphite
particles, characterized by their typical layered morphology, sur-
rounded by smaller carbon black particles.

Before the electrochemical characterization of the electrode, the
electrochemical stability of the binders, suitable for the electrode
manufacturing, was assessed (Fig. S3a). This analysis was carried out to
exclude any potential binder-electrolyte interactions or undesired elec-
trochemical reactions within the operating potential window. In this
regard, electrodes with a 10 mm diameter were prepared by depositing
the pure binder solution on the copper current collector to assemble
three-electrode cells for cyclic voltammetry (CV) analysis. As evidenced
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in the CV profiles reported in Fig. S3a, no evident redox processes are
observable, indicating that there are no undesired reactions directly
attributable to the binders. This makes all investigated binders poten-
tially implementable in SiOx/C-based anode electrodes.

Similarly, CV analysis was performed on the SiO/C electrodes to
assess their electrochemical behaviour within the operational voltage
range (Fig. 3a and b, Fig. S3b-d). In particular, Fig. 3 compares the
electrochemical behaviour of electrodes containing the three different
binders at cycles 1 and 5, respectively. Observing the profiles, distinct
current peaks associated with the lithiation and de-lithiation processes
of the SiO4/C active material can be clearly observed. During the first
cycle, the peak intensities and their shifts vary significantly depending
on the binder used. Concerning the lithiation process, two pronounced
cathodic peaks are observed at approximately 0.17 V and 0.02 V. The
first peak is primarily associated with the formation of amorphous Li,Si
phases, while the second corresponds to the transition from amorphous
Li,Si to crystalline Li;5sSi4 and the concomitant lithiation of graphite to
LiCg (Legerstee et al., 2022; Liu et al., 2023; Yin et al., 2018; Mukanova
et al., 2018). This behaviour is particularly evident in the electrode
containing ALG, where the well-defined redox peaks shift toward higher
potentials indicates reduced cell polarization. This lower system polar-
ization suggests a more efficient utilization of the active material. In
contrast, higher resistivities are observable in SiOx/C:TG and SiOx/C:
CMC electrodes, evidenced by a less defined peak at 0.17 V for the
TG-based electrode and the complete absence of this peak in the
CMC-based electrode. Additionally, both electrodes exhibit less pro-
nounced peaks at lower potentials, near the cut-off voltage of 0.02 V.
Regarding the first anodic scan of the SiOy/C:ALG electrode, distinct and
intense peaks are observed, with a shoulder appearing at approximately
0.15 V and two overlapping peaks appearing between 0.23 and 0.27 V.
These observations further confirm the lower internal resistance of the
cell, as previously evidenced in the initial cathodic scan. The shoulder
and the first overlapping peak correspond to the de-lithiation of
graphite, while the second peak is attributed to the de-alloying of sili-
con, corresponding to the initial phase transition from a-Li,Si to the a-Si
phase (Yan et al., 2023; Ravesio et al., 2025). In contrast, electrodes
fabricated with TG and CMC both exhibit a broader peak between 0.23 V
and 0.27 V, indicative of their higher internal resistance. A third peak is
observed for all electrodes at higher potentials, around 0.5 V, suggesting
an additional silicon dealloying step (Xu et al., 2010). For the fifth cycle
(Fig. 3b), the peak profiles become more similar for all three binders. In
fact, the cathodic scan at the fifth cycle indicates improved alloyin-
g/intercalation of lithium ions into the active material, as evidenced by
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the consistent position and definition of anodic peaks for all electrodes.
Analogously, increasing the number of cycles, the anodic peak at 0.5 V
significantly weakens, while the broad peak at 0.22 V - 0.27 V becomes
more pronounced for TG- and CMC-based electrodes. This suggests a
more facile oxidation process, which is closely linked to the reversible
reaction occurring at the a-Si domains (Zhang et al., 2014; Sun et al.,
2016; Abel et al., 2012). In conclusion, the current intensities of both
cathodic and anodic peaks increased with the number of cycles, attrib-
uted to the activation of the active material and the enhancement of
Li-ion conductivity in the electrode (Ravesio et al., 2025). However, the
lower polarization observed for electrodes using sodium alginate as a
binder supports the idea that its stronger interaction with the active
material enhances the electrochemical performance of the cell. This may
also result from its ability to better accommodate volume expansion,
contributing to improved electrode stability during cycling. CMC and
TG, on the other hand, appear to share a similar structure, which could
explain their comparable ionic transport and gradual activation.

Starting from the results obtained from cyclic voltammetry, all
electrodes with different binders were subjected to repeated charge/
discharge cycles at different C-rates. This protocol aims to evaluate the
rate capability by applying increasing currents to the cells, simulating
the more demanding conditions that may arise during battery operation.
Fig. 4a-i, presents the average specific charge capacity of electrode
incorporating the three selected binders: ALG, TG, and CMC. Each
electrode composition, distinguished by binder, was characterised using
five coin cell replicas. Table S3 summarises the average mass loading of
the electrodes containing different binders.

As expected, the electrodes containing CMC as a binder exhibited
high capacity up to 1C, demonstrating huge capacity recovery after
cycling at 2C. However, electrodes with ALG exhibited better electro-
chemical behaviour compared to those with TG throughout all investi-
gated cycles, particularly achieving a higher average specific capacity.
Interestingly, at higher C-rate (e.g., 2C), the electrodes with ALG and TG
exhibited less capacity variability and better capacity retention
compared to the cells assembled with CMC-based electrodes. This can be
attributed to the higher presence of carboxyl groups and hydrogen
bonds, which interact more effectively with the oxidized Si surface
compared to CMC (Kovalenko et al., 1979; Yuca et al., 2022). This is in
agreement with what was observed in previous rheological and cyclic
voltammetry analyses, which suggest a better interaction between the
SiOy/C particles and the sodium alginate, and which translates into
better performances, especially at high C-rates.

To better assess the electrochemical processes occurring for each

Fig. 3. Cyclic voltammetry at a scan rate of 0.1 mV/s of electrodes with all components (binder, active material, and conductive material) at cycle 1 (a) and cycle

5 (b).
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Fig. 4. Average specific capacity of electrodes with selected binders, measured up to 30 cycles, charge and discharge profiles during the forming cycles and at
different C-rates, for the most representative electrodes containing ALG (a-c), TG (d-f), and CMC (g-i). Average CE of the electrodes with selected binders, measured
up to 30 cycles.
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different formulation, the charge/discharge profiles of the most repre-
sentative cells, assembled using electrodes with the three selected
binders, are reported in Fig. 4b—e,h. Focusing on the first forming cycle,
during the first lithiation process of the SiOx/C composite, a voltage
plateau around 0.2 V is observable, which is slightly lower than the
subsequent cycles. This behaviour is likely due to increased internal
resistance associated with lower electrolyte permeation during the
initial cycle and the first lithiation of SiOx. However, all the subsequent
charge/discharge profiles show the typical multistage process charac-
teristic of the graphite lithiation overlapped with the silicon lithiation
process. In fact, graphite is typically active below 0.25 V vs. Li*/Li,
while silicon operates within 0.05 - 0.6 V (Magasinski et al., 2010; Chen
et al., 2022; Obrovac and Christensen, 2004). During the graphite
staging mechanism, lithium preferentially occupies specific sites within
the graphite layers; once these sites are fully occupied, lithium insertion
proceeds through successive stages until the fully lithiated LiCg phase is
formed (Sole et al.,, 2014). In parallel, crystalline silicon gradually
transformed into amorphous LiySi. Comparing the charge-discharge
profiles of the electrodes containing different binders at higher C-rates
(Fig. 4c-f,i), as mentioned before, the ALG-based electrode retains
higher capacity at 2C, exhibiting a more pronounced CC discharge
contribution compared to CMC and TG. Despite these differences, it is
important to emphasize that CMC, even though always paired with SBR
in industrial formulations and used by itself in this work as a reference
material, is a binder specifically optimised for large-scale LIBs produc-
tion. Therefore, the electrochemical performances achieved with ALG
and TG remain highly promising, as they do not significantly deviate
from those observed for the CMC-based electrodes. Table S3 summarises
the average electrochemical performance of all the tested electrodes.

Concerning the ICE, all samples exhibited values below 85 %
(Fig. 4j), likely due to some initial irreversible reaction and the forma-
tion of the solid electrolyte interphase and a consequent lithium loss
during the first cycle (Ravesio et al., 2025; Sun et al., 2022). Analysing
the subsequent cycles, all electrodes exhibited a progressive increase in
Coulombic efficiency (CE), confirming the gradual forming process of
the cells and overall system stabilisation. Notably, by the fifth cycle, the
CE of the CMC-based electrodes exceeded 95%, indicating the best
electrochemical performance among the samples at this initial stage.
However, starting from the 15th cycle, electrodes incorporating TG
exhibit the most promising results, maintaining excellent CE values even
under high C-rate conditions. This improved performance is likely
attributed to the hydroxyl and carboxyl groups present in the TG binder,
which interact with the SiOy particles and enhance structural stability.
More in general, after the initial formation cycles, the CE values of
electrodes containing ALG and TG become higher, either comparable to
(ALG) or slightly exceeding (TG) those of the CMC-based reference
electrode. These results demonstrate that both ALG and TG binders
enable excellent electrochemical performance.

The direct comparison of different polysaccharide-based binders
identified ALG as the most promising candidate, owing to its favourable
rheological behaviour and significant electrochemical performance. To
further enhance these advantages, a binary mixture of ALG and LiPAA
was evaluated. This strategy aimed to synergistically combine the ad-
vantages of both binders, harnessing the mechanical stability and elec-
trochemical performances of ALG together with the strong adhesion and
additional lithium-ion contribution provided by LiPAA.

To gain a broader overview of the synergistic effect between ALG and
LiPAA, three binder weight ratios (i.e., 1pjpaa:2a1G, liipaa:laLg, and
21ipaa:larg) were selected. These compositions represent equidistant
mixture points within the experimental design space, allowing for a
systematic and balanced exploration of the combined effects of the two
binders. The characterisation procedure applied to these electrodes
followed the same methodology previously described, with additional
tests detailed in the Supporting Information (Figs. S4-S8 and
Tables S4-S9).

FT-IR analysis was performed on all binders, both in their pure form
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and in mixtures (1:2, 1:1, and 2:1), in order to confirm the presence of
the key functional groups able to interact with the active material. The
resulting spectra are reported in Fig. 5 and the corresponding band in
Table S4. All samples exhibit a broad band in the 3500-3200 cm ™! re-
gion, attributable to —~OH stretching and adsorbed water. In this fre-
quency region, sodium alginate shows a more intense contribution,
indicating a higher density of hydrogen bonds or free hydroxyl groups.
In the 3000-2850 cm™! range, a weak band associated with C-H
stretching is observed for all the samples. The most significant difference
can be observed in the region within 1650-1400 cm >, associated with
carboxylates (1600-1650 cm™': asymmetric stretching, 1400-1450
cm™1: symmetric stretching of the COO ™). The presence of both sym-
metric and asymmetric COO~ bands in all LiPAA-containing samples
confirms a high degree of polymer lithiation, further supported by the
absence of the characteristic -COOH band at 1700 cm™!. In this region,
ALG displays two well-defined, intense bands, whereas the mixed
binders exhibit less pronounced and slightly shifted bands. The finger-
print region (1300-1000 cm™!) is markedly more complex for sodium
alginate, reflecting the polysaccharide structure through multiple C-O
and C-O-C vibrations. These bands become progressively less intense as
the LiPAA content in the mixtures increases (Hu et al., 2021). As
mentioned before, for the asymmetric and symmetric COO™ stretching
modes, the binders mixtures show peak positions between those of pure
ALG and pure LiPAA. The calculation of the frequency difference Av
between these two vibrational modes provides further insight: ALG ex-
hibits a larger Av (185 cm’l), LiPAA the lower Av (141 cm’l), while all
binders mixtures fall in between, but progressively tend toward the
LiPAA value. This behaviour suggests a more symmetric coordination
environment for the COO™ groups, likely involving bidentate or bridging
binding to Li*, which results in a more uniform electron distribution
between the two oxygen atoms. In conclusion, these observations sup-
port the hypothesis of a possible homogeneous ionic crosslinking in the
mixtures, potentially enhancing resistance to volumetric changes in the
anode. The FT-IR analysis indicates a possible chemical-physical inter-
action between the two binders, consistent with good miscibility and
mutual interaction within the mixed formulation (Sharratt et al., 2021).

Fig. 6 reports the rheological characterisation of the slurries pre-
pared with the binder mixtures and the pure binders (ALG and LiPAA).
Because of LiPAA highly fluid behaviour and inherently low viscosity,
both as a binder solution (Fig. S4a and b) and in the anodic slurry, the
pure LiPAA slurry and its mixtures exhibited uniformly low viscosity
across the entire shear-rate range (Fig. 6a). The shear-thickening
behaviour seen in the LiPAA system, and to a lesser extent in the mix-
tures, is attributed to the aggregation of carbon black and SiO/C par-
ticles, which tend to significantly agglomerate in aqueous media due to
their small size (Lim et al., 2015). In the case of pure LiPAA, the binder
lacks sufficient cohesive strength to effectively disperse and stabilize the
active and conductive materials. Consequently, the rheological response
is not a binder-induced shear-thickening effect, but rather a result of
particle agglomeration. Furthermore, the suspension exhibited poor
resting stability, as this type of binder allowed phase segregation and
particle settling over time (He et al., 2022; Lee et al., 2010). As shown in
Fig. 6b-e, all the slurries exhibit a behaviour characterised by
frequency-independent G’ and G’ moduli over a wide frequency range.
The magnitude of G’ and G’ is significantly higher for the mixtures, while
pure LiPAA slurry displays markedly lower moduli. This response is not
due to the intrinsic viscosity of the binders, but rather to the previously
discussed agglomeration effects.

The resulting flow curves were fitted using a time-irrelevant Her-
schel-Bulkley model, and the error R? was used to evaluate the yield
stress obtained by the extrapolation of flow curves in the model.

T =19+ K(y)n Eq. 1

where 7 is the shear stress (Pa), 1 is the yield stress (Pa), K is the con-
sistency coefficient (Pa-s"), y is the shear rate (s™1), and n is the flow
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Fig. 5. Major functional group and corresponding frequency range (a). FT-IR spectra of ALG (b), LiPAA (c), 1ripaa:larc (d), 1ripaa:2arc, (€) 2ripaailarc (D).

behaviour index (dimensionless) (Zhao et al., 2022).

The parameters, reported in Table S5, show a clear distinction be-
tween slurries with a predominance of sodium alginate (or with equal
ALG and LiPAA amount) and those with a predominance of LiPAA.
Slurries containing pure ALG as well as the 1pjpaa:1arg and 1pipaai2aic
mixtures exhibit 1o = 0. Therefore, according to the Herschel-Bulkley
model, they do not display a measurable yield stress. In contrast, slur-
ries containing pure LiPAA and the 21jpaa:1a1g mixture show a tp ~
4-5.5 Pa, indicating the presence of a more elastic microstructure that
requires a minimum stress threshold to start the flow. The consistency
index K, which is considered a measure of viscosity, increases with the
ALG fraction in the formulation: LiPAA < 2pipaa:larc < luipaa:larg <
1ipaai2a6 < ALG. Therefore, ALG dominates the consistency and
makes the slurry more viscous, while binder mixtures allow for effective
viscosity modulation, especially at low shear. Flow index n, shows an
inverse trend, confirming that the higher amount of ALG in the slurry
leads to a more marked shear-thinning behaviour and consequently a
better fluidization at high shear rates. For all slurries containing LiPAA,
the fitting quality is good, with R% > 0.995. Only ALG exhibits a slightly
lower value (R® ~ 0.994), which is consistent with its higher structural
complexity. Overall, the Herschel-Bulkley model provides a satisfactory
description of the rheological behaviour of all slurries. In conclusion,
according to rheological results, LiPAA-based slurries require less effort
for coating, while ALG-based slurries are the most structured, viscous,
and exhibit greater shear-thinning behaviour. The mixing of the two
binders allows for yield stress, viscosity, and shear-thinning adjustment,
according to the formulation.

Regarding the mass loading (ML) distribution (Fig. S5), the elec-
trodes containing ALG and LiPAA show similar average ML values.
However, the LiPAA-based electrodes exhibit slightly lower variability,
suggesting a more uniform binder distribution during the mixing process
and the subsequent coating. Similarly, for the three binder mixtures, the
variability appears relatively low, and the ML values consistently fall
within a comparable range.

The morphological analysis of the electrodes containing different
binder mixtures (Fig. S6) confirmed the observations made for elec-
trodes prepared using the single binders, as a good distribution of the
active material and carbon black particles is observable. These results
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support the consideration that the combination of ALG and LiPAA does
not significantly alter the electrode morphology.

Regarding the electrochemical properties, the cyclic voltammetry
profiles of the electrodes containing different binder mixtures show
behaviours similar to those observed for electrodes with pure ALG and
LiPAA. As reported in Fig. S7, a progressive stabilisation of the CV
profiles is observed from the first to the fifth cycle, which can be
attributed to the gradual activation of the active material and the
amorphisation of the silicon phase. The same considerations applied to
pure ALG-based electrodes can also be extended to the other sample,
where peaks are observed during the cathodic scan at 0.17 V and 0.02 V,
and during the anodic scan between 0.16 V and 0.25 V, with an addi-
tional peak at 0.5 V. As the cycling progresses (by the 5th cycle), these
peaks slightly shift towards higher potentials. However, it is important
to highlight that the CV profiles of the different electrodes largely
overlap, with no significant evidence of overpotential or polarization
phenomena. This suggests good compatibility between the binders and
their mixtures with the active material.

Fig. 7a shows the electrochemical results of the rate capability test
for the electrodes with the three different binder formulations, directly
compared with the electrodes containing every single binder. In general,
LiPAA-based electrodes showed better average capacity in the initial
cycles at C/10 than ALG-based ones (422.3 mAh/g vs. 414.7 mAh/g), as
reported in Table 1. At the same time, the two mixtures, 11ipaa:2a16 and
1iipaalaLg, exhibited intermediate properties. On the contrary, the
electrodes with a binder weight ratio of 2;;paa:141G exhibited enhanced
electrochemical performance. In particular, the electrodes with this
formulation demonstrated better long-cycling stability, achieving an
average charge capacity of 336.8 mAh/g by the 30th cycle. In Fig. 7b,
the average CE at several defined cycles is shown. Electrodes based on
the binder mixtures exhibited improved performance, primarily due to
the presence of LiPAA, which enhanced the initial cycle efficiency,
reaching over 85% already from the ICE. This improvement was
attributed to the higher ionic conductivity and the formation of a stable
SEI layer during the early cycles. Analogously, from the charge-
discharge curves, it was observed that the most representative
21ipaa:larg mixture electrode (Fig. 7g and h) exhibited a well-defined
average specific capacity during forming cycles and lower initial
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Fig. 6. Viscosity profiles of all slurries as a function of shear rate (a), and frequency sweep test results for SiOx/C: 2ppaa:1arc (b), 1ripaa:larc (€), 1ripaa:2arc (d), and

LiPAA (e).

capacity loss, with a reduced polarization between the anodic and
cathodic voltage profiles. At the same time, electrodes with 2j;paa:1a1G
mixture showed better capacity retention, attributable to good me-
chanical stability, guaranteed by the presence of ALG in the electrode
formulation. In conclusion, among the tested compositions, the elec-
trodes with 2j;paa:1a1 mixture appeared to lead to significant perfor-
mance improvements. Therefore, the rational combination of LiPAA and
ALG likely contributes to the formation of a more stable SEI layer, while
simultaneously ensuring an enhanced adhesion and better ion transport,
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driven by the formation of hydrogen and ionic bonds. This effect would
be crucial in improving the long-term performance of the battery,
further explaining the superior cyclability observed with this binder
ratio (Qin et al., 2024).

To better evaluate the influence of different binder formulations on
the cell internal resistance, PEIS analyses were performed on the
different samples. All PEIS measurements were acquired under relaxa-
tion conditions. Fig. 8 shows the corresponding Nyquist plots, high-
lighting the evolution of the total internal resistance after three
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Fig. 7. (a) Average specific capacity of electrodes with pure and mixtures of binders (a,d,g,j), measured up to 30 cycles, charge and discharge profiles during the
forming cycles and at different C-rates for the most representative electrodes containing: 1p;paa:2arc (b,¢), 1ripaalarc (e,f), 2ripaa:larc (h,i), and LiPAA (k,1). Average
CE of electrodes with pure and mixtures of binders, measured up to 30 cycles (m).

12



L. Tamboia et al.

Table 1

Journal of Cleaner Production 554 (2026) 148153

Summary of the average specific charge capacity, capacity retention, and CE at different cycles for the rate capability test and the first long cycling protocol of SiO/C
electrodes with different binders and binder mixtures (the first number represents the LiPAA content and the second represents the ALG content).

C-rate Specific capacity (mAh/g) Capacity retention (%) ref. av. C/10 CE (%)
ALG LiPAA 1:2 1:1 2:1 ALG LiPAA 1:2 1:1 2:1 ALG LiPAA 1:2 1:1 2:1

c/10 414.7 422.3 420.1 419.6 421.3 - - - - - 88.6 92.4 90.5 94.6 95.8
C/5 371.5 392.9 382.9 383.9 394.0 89.6 93.0 91.1 91.5 93.5 97.5 98.0 97.4 98.4 97.3
C/2 346.7 363.8 355.8 356.1 368.0 83.6 86.1 84.7 84.9 87.3 98.3 98.9 98.3 99.4 98.9
1C 3309 343.8 339.9 338.2 351.1 79.8 81.4 80.9 80.6 83.3 98.4 99.1 98.5 99.9 99.4
2C 309.3 313.7 313.7 305.3 319.8 74.6 74.3 74.7 72.8 75.9 98.5 99.3 98.8 100 99.3
1C*30 cycle 318.4 326.7 328.2 325.6 338.9 76.8 77.4 78.1 77.6 80.4 98.8 99.8 99.0 100 99.7

Fig. 8. Nyquist plots after three formation cycles at C/10 (a-e) and after the rate capability test (f-j), respectively for electrode containing: ALG, LiPAA, 11ipaa:2aLG

mixture, 1pipaailar, and 2pipaailarc.

formation cycles at C/10 and after the rate capability (RC) test. Table S7
summarises the PEIS parameters obtained by fitting the data using the
equivalent circuit model (ECM) reported in Scheme S1. The proposed
ECM (scheme S1) includes the bulk resistance (Re]), representing the
intrinsic resistance of the bulk materials/wires/current collector/elec-
trolyte, the SEI layer resistance (Rggp), the charge-transfer resistance
(Rep), and the semi-infinite diffusion (W). All Nyquist plots can be
deconvoluted into two semicircles, corresponding to the resistance of
the SEI film (high-frequency region) and the charge-transfer resistance
(mid-frequency region), respectively. From both the Nyquist plots and
the fitted parameters (Table S7), no clear trend can be attributed to the
amount of one binder over the other, contained in the mixture. In
particular, after the initial three cycles at C/10, all samples exhibit a
profile in which the two contributions, Rgg; and R, remain clearly
distinguishable. However, the Nyquist profiles become more distinct
after the cycling at various C-rates (RC test). In this case, the electrode
containing sodium alginate exhibits a visibly different impedance
response compared to the electrodes containing pure LiPAA or binder
mixture. Notably, for ALG-based electrodes, the high-frequency semi-
circle associated with Rggy is the main contribution to the total resis-
tance, exceeding the semicircle related to the charge-transfer resistance.
In contrast, for electrodes with pure or mixed LiPAA, the resistance
associated with the SEI layer remains consistently lower than the charge-
transfer resistance. This behaviour highlights the difference in the
functional role of the two binders (LiPAA and ALG), and it is consistent
with the trends observed for the initial coulombic efficiency (ICE),
which is higher when LiPAA is present in the binder formulation. More
in detail, after the initial formation cycles, the electrode containing pure
LiPAA exhibits a lower Rggy than the electrode formulated with pure
sodium alginate, confirming that LiPAA promotes the formation of a less
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resistive SEI layer. The reduced Rgg; observed for the pure-LiPAA elec-
trode supports the hypothesis that LiPAA contributes to the formation of
a protective artificial SEI layer on the surface of graphite/SiOx com-
posite anodes, preserving the structural integrity of the SEI during
cycling, as also reported in previous works (Truong et al., 2021). Indeed,
the molecular structure of sodium alginate promotes the formation of a
thicker SEI film. However, the higher Rgg; observed for the ALG-based
electrode is compensated by a lower R, resulting from its stronger
binding capability, which ensures improved mechanical cohesion and
better contact among the active material particles (Giineren et al., 2024;
Dong et al., 2025). As reported by Hu et al., the higher initial Re
observed for the electrode containing the binder mixture may be
attributed to LiPAA domains occupying the cavities within the sodium
alginate network, which can partially hinder the ionic transfer (Hu et al.,
2021). In general, more significant and conclusive insights can be drawn
by examining the Ry (Rsgr + Ret) value and comparing it after the first
three cycles at C/10 and following the RC test. In this regard, it is evident
that electrodes containing pure LiPAA, as well as those incorporating
1ripaa:2arG and 2pipaa:1arg binder mixtures, exhibit lower total resis-
tance than both pure alginate and the 1ypaa:1a1c mixture.

Thus, to better evaluate the influence of the optimised binder
mixture on the electrochemical properties of the cell, a long-cycling
behaviour was also investigated (Fig. 9). From Fig. 9a, it can be
observed that LiPAA-based electrodes confirmed a higher ICE and
reduced capacity loss, as expected. However, during long-term cycling,
performance issues emerged, probably due to the higher mechanical
fragility of the LiPAA binder compared to ALG. In contrast, ALG-based
electrodes demonstrated better capacity retention, maintaining 49.5 %
of the average capacity measured at the 10th cycle after 300 cycles (as
reported in Table 2), thanks to the stronger adhesion between the active
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Fig. 9. Long-term cycling protocol for electrodes containing ALG, 2;;paa:1aLc, and LiPAA binders (a), and charge-discharge profiles of the most representative cells

with ALG (b), 21iraa:larg (0, and LiPAA (d).

Table 2

Summary of the average specific charge capacity, capacity retention, and CE at different cycles for the second long cycling protocol of SiO4/C electrodes with the two

guideline binders and the best-performing binder mixture.

Cycle number Specific capacity (mAh/g) Capacity retention (%) ref. (Liu et al.)™® cycle CE (%)
(%)

LiPAA 2upanilar ALG LiPAA 2uipanilaLg ALG LiPAA 2upanlarg ALG
1st C/10 430.6 424.4 425.7 - 84.4 86.2 89.2
2nd C/10 430.2 425.5 422.2 - 92.2 95.4 97.2
3rd C/10 425.7 422.6 413.3 - 94.4 97.5 97.4
8th C/5 392.6 392.2 371.4 - 95.7 98.2 98.9
10th 1C 372.4 370.2 351.9 - - - 99.3 99.3 99.6
50th 1C 293.0 313.7 283.5 78.7 84.7 80.6 99.6 100 100
100th 1C 229.7 272.8 247.9 61.7 73.7 70.4 99.4 100 100
200th 1C 148.2 222.6 194.6 39.8 60.1 55.3 100 100 100
300th 1C 122.0 192.8 174.1 32.8 52.1 49.5 100 100 100

material and better mechanical properties ascribable to ALG. However,
the electrodes incorporating the mixture 2pjpaa:larg exhibited high
average specific capacity and improved capacity retention, showing the
lowest polarization and the best overall electrochemical performance, if
compared with the electrode with pure ALG or LiPAA. This confirms
once again that the combination of the two binders has an improving
effect on the electrochemical properties of the SiO,/C electrode, and that
each binder contributes synergistically to this enhancement.

Hence, to confirm the combined effect of LiPAA and ALG in the
electrode formulation a simple linear regression and one-way ANOVA
were used to analyse the influence of the percentage of LiPAA on cell
capacity at the 5th (C/10), 10th (C/5), 15th (C/2), 20th (1C), 25th (2C),
and 50th (1C) cycles, based on the data presented in Fig. 10 and
Table S9. The dataset consisted of three electrodes for every single
binder (LiPAA, ALG) and their respective mixtures (1lpipaa:2aLGs
1ripaa:1arG and 21ipaa:1a16)- The analysis was performed by considering

14

one independent variable at a time (i.e., the weight percentage of
LiPAA). Obviously, the percentage of LiPAA and the complementary
percentage of ALG exhibited multicollinearity, and therefore, they were
considered as a single factor in the model. Observing the results reported
in Table S9 cycles 5, 10, and 15 (at C/10, C/5, and C/2, respectively)
exhibit a low MSW, indicating limited variability in the data. At the
same time, the high F values and p < 0.05 confirm a significant effect of
the LiPAA binder. At cycle 20 (1C), the MSW remains low, while the
moderate F value and p ~ 0.05 suggest that the binder effect is still
statistically relevant. On the contrary, at cycle 25, corresponding to high
C-rates (2C), the MSW becomes very high, indicating a greater disper-
sion of the capacity values. The p and F values show that no appreciable
differences attributable to the binders are present under these condi-
tions. By cycle 50, after additional 25 cycles at a fixed rate of 1C, the data
dispersion remains high and does not support a significant role of LiPAA,
suggesting that the influence of this binder becomes less appreciable
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Fig. 10. Simple linear regression of the percentage of LiPAA in the mixture influencing specific charge capacity at the 5th (a), 10th (b), 15th (c), 20th (d), 25th (e),

and 50th cycles (f).

increasing the number of cycles. In summary, the binder effect is evident
in the early stages of cycling at lower C-rates (5 to 15 cycles), where
LiPAA significantly increases the specific capacity. As the C-rate and
number of cycles increase, the effect tends to diminish until it becomes
progressively undetectable up to 50 cycles, where no significant differ-
ences emerge. The effect size (Table S9) confirms that the binder has a
clear influence in the first cycles and at lower C-rates, progressively
decreasing between cycles 20 and 25, i.e. at higher C-rates. At the end of
the 50 cycles, the binder effect remains qualitatively present, but less
statistically significant. The observed trend suggests that the presence of
LiPAA significantly improves the cell initial capacity, while sodium
alginate better supports long-term structural stability. These results are
consistent with LiPAA ability to enhance the initial charge-discharge
cycles capacity and reversibility of SiOx/C composite electrodes, as

previously reported by Truong et al. (2021). LiPAA forms a stable arti-
ficial SEI layer, minimising irreversible lithium loss. As an
ion-conductive polymer, it helps compensate for lithium loss and facil-
itates ion transport (Pieczonka et al., 2015; Li et al., 2010). However, the
combination with other complementary binders (such as ALG), ac-
cording to rational and optimised ratios, is fundamental to improve the
mechanical stability of the electrode and improve the capacity retention
over a high number of cycles. For these reasons LiPAA:ALG binder
mixture confirms to be the best overall compromise (Scheme 1). A
comparative table with more relevant literature studies is reported in SI
(Table S10).

Scheme 1. Effect of LiPAA and ALG in SiO/C electrode.
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4. Conclusions

This study aimed to investigate the use of alternative water-based
binders and their rational combination through simple blending strate-
gies for the manufacturing of SiO4/C electrodes. The work focused on
screening different polymer binders, evaluating their electrochemical
performance and processability, to identify the most suitable options,
balancing sustainability, performance, and manufacturability.
Throughout the study, parameters such as slurry formulation, solid
content, coating thickness, and cell assembly conditions were carefully
controlled to ensure comparability of the results. Among the tested
binders, ALG showed excellent compatibility, with favourable pH
values, good rheological behaviour, and electrochemical performance.
For this reason, ALG was selected for further investigation in combina-
tion with LiPAA. Regarding the binder mixtures, the formulation
21ipaalarg demonstrated better electrochemical properties, achieving
high specific capacity, excellent CE, and good capacity retention over
cycling. Through an accurate data analysis, supported by a statistical
study, LiPAA showed a huge contribution to enhance the ICE, while ALG
contributed to a better long-term capacity retention. Overall, the results
highlight the potential of combining natural polysaccharide-based
binders with synthetic binders like LiPAA to balance sustainability,
mechanical integrity, and electrochemical performance of LIB anodes.
Nevertheless, further rheological optimization will be necessary to fully
exploit these binder systems for industrial application in next-generation
LIBs.
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