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Silicon—graphite (Si/Gr) composites are emerging as alternative anode materials for lithium-ion batteries
because they combine higher energy density with improved storage capacity. As its commercial adoption
grows, it is fundamental to develop recycling strategies for the currently most available source of this type
of material, the manufacturing scrap. In this pioneering work, we report two water-based, delamination
methods: ice-stripping and ultrasound delamination, for the direct recycling of Si/Gr scrap electrodes. Ice-
stripping achieves a recovery efficiency of 98 + 1%, while preserving the material's structural and electro-
chemical properties. The electrodes retain 94% of the initial capacity (503 mAh g™ after 100 cycles, closely
matching the performance of pristine electrodes. In contrast, ultrasound-assisted delamination shows lower
recovery yield and capacity performance. A preliminary environmental and economic analysis highlights
ice-stripping as the most cost-effective and sustainable recycling option, with a delamination cost of 1.08$
per kg, reducing cost by ~70% compared to ultrasound and other conventional multiwashing methods. The
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global warming potential is reduced by 50% (1.2 kg CO.e per kg) compared to the other delamination tech-
niques, and is more than 30-fold lower than that associated with producing an electrode from pristine Si/
Gr. These findings establish a low-impact, scalable pathway for Si/Gr recycling, supporting the development

rsc.li/greenchem of circular battery manufacturing under upcoming regulatory and sustainability frameworks.

Green foundation

1. This work establishes a rapid and low-impact route for the direct recycling of Si/Gr scrap, avoiding energy-intensive calcinations or chemical leaching.
Using only minimal water and mechanical stimuli, it advances the principles of waste management, safer solvents, and energy efficiency, while enabling elec-
trode reuse directly into production loops.

2. We achieve delamination and recovery of Si/Gr electrodes with negligible solvent use and modest electricity input. Life-cycle calculations show that ice-
stripping lowers global warming potential by ~50% compared to other delamination methods (1.2 kg CO,e per kg) and is >30-fold lower than making pristine
electrodes (34.9 kg CO,e per kg), demonstrating clear environmental and economic benefits.

3. Future work will scale the process under continuous low-energy operation, valorize the Cu current collector, and address Si redistribution in the carbon
network further to enhance the circularity and green metrics of the process.

ment of electrochemical energy-storage systems offers a viable
pathway to decrease dependence on fossil fuels across key
sectors such as mobility and energy generation.” Since their
commercialization in 1991, lithium-ion batteries (LIBs) have
become central to this transition; however, further advance-
ments in energy density, power capability, and cycle life
remain essential.

Graphite (Gr) remains the industry-standard anode material
due to its low cost, high electrical conductivity, and excellent
reversibility. Yet, it can accommodate only one Li per six C

1. Introduction

Climate change has intensified the urgency to reduce CO,
emissions and mitigate global warming." The rapid deploy-
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atoms, limiting its theoretical gravimetric capacity to 372
mAh ¢~'.* In contrast, silicon (Si) provides a much higher
theoretical capacity of 3579 mAh g~ through lithium alloying
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to form Li;5Si4, offering nearly ten times the capacity of graph-
ite while maintaining comparable cost and abundance.’
However, Si undergoes a volumetric expansion of approxi-
mately 300% during (de)lithiation, which induces particle
cracking and continuous solid-electrolyte interphase (SEI)
reformation, leading to rapid capacity fade.> To mitigate these
issues, Si is commonly blended with Gr to buffer mechanical
strain and leverage graphite’s electronic conductivity, yielding
improved cycle stability within the classic “capacity-stability”
trade-off relationship.®”

As LIB production scales, large volumes of electrode scrap
are generated during the manufacturing process. Discarding
these scraps represents a waste of resources and an environ-
mental burden, underscoring the importance of developing
efficient recycling strategies.® Direct recycling, which focuses
on recovering and reusing active materials without the need
for extensive reprocessing,”'° offers a promising approach for
preserving the value of recycled materials, by allowing the
direct reintegration into the manufacturing line, thereby redu-
cing costs and minimizing the environmental footprint of the
production process.' >

Although direct recycling has demonstrated encouraging
results for cathode chemistries such as NMC, LFP, LMO,
LNMO, and NCA,"”'7 as well as for anode materials, ® 22
several challenges remain before large-scale commercialization
can be achieved. At the industrial level, direct recycling
remains limited by strong electrode-collector adhesion, vari-
ations in feedstock composition, safety and contamination
risks, the lack of infrastructure suited for gentle delamination,
and the absence of standardized regulations and material
quality metrics.>*>* Currently, the primary driver for recycling
continues to be the economic value of the recovered material,
resulting in a focus on cathode recycling due to their higher
critical metal content and market value.>®?” In contrast, anode
materials are often overlooked in recycling research despite
their growing use and compositional complexity, largely due to
the lack of economic motivation for their recycling.”®?°
However, geopolitical concerns and fluctuations in prices have
recently drawn attention to the recovery of values for this type
of material.

Besides the recycling of graphite having been previously
demonstrated and studied, the case of Si/Gr composites
remains largely unexplored. The recycling of Si/Gr electrodes
presents distinct challenges arising from their heterogeneous
microstructure and complex interfacial behavior, which
necessitate careful consideration of each component and
may require process adjustments depending on the state of
the material to be recycled. For spent electrodes, the pro-
perties of the Si particles can be altered by the volumetric
expansion and SEI formation during lithiation, leading to
internal stress, particle fracture, and binder redistribution.®
In contrast, graphite may exhibit pore clogging and impuri-
ties that hinder its electrochemical performance.’®?' In
scrap electrodes, which are the subject of this study, both Si
and Gr remain structurally unaltered; the main challenge lies
in delaminating the coatings while preserving the composite
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matrix and crystal structure. As a result, solvent- or heat-
based recycling strategies are considered unsuitable for reco-
vering Si/Gr materials, as they may damage the fragile
carbon-silicon network and consume large amounts of
energy and chemicals.

Previous studies have focused on regenerating spent
graphite and subsequently combining it with silicon particles
to produce Si/Gr composites.**** However, to our knowledge,
no previous study has addressed the direct recycling of Si/Gr
composite electrodes sourced from manufacturing scrap.
This gap represents a critical barrier in achieving a circular
battery economy, particularly as the industrial use of Si/Gr
electrodes expands. The necessity of recycling overlooked
materials, such as Gr or the novel Si/Gr, aligns with recent
European Union regulations mandating a minimum recycled
content in batteries,** thereby creating both a policy incentive
and an industrial need to develop greener and scalable recov-
ery strategies.

To overcome these limitations, this work demonstrates, for
the first time, that water-based delamination methods, namely
ice-stripping and ultrasound delamination, can effectively separ-
ate and recover Si/Gr composite scrap anodes, achieving high
recovery yields while preserving the electrochemical performance
of the material without altering its structure. Both approaches
adhere to the principles of green chemistry, as they eliminate
the use of harsh reagents, require minimal energy input, and
preserve the integrity of both active materials and current collec-
tors, which can subsequently be reclaimed and reused. Ice-strip-
ping involves wetting the electrode surface, freezing it against a
cold substrate, and then mechanically removing the active
material from the current collector.®® This concept has already
demonstrated its effectiveness for various negative electrodes,
highlighting the robustness of this delamination technique.'’
Ultrasound delamination, by contrast, employs high-frequency
acoustic waves to detach active materials from current collectors,
thereby enhancing recovery efficiency without inducing chemical
degradation.'”*%%”

Beyond the recovery of materials and the preservation of
electrochemical performance, we also present a preliminary
gate-to-gate assessment of the delamination and remanufac-
turing steps, comparing them with a literature-reported multi-
washing approach. The analysis quantifies energy and water
consumption, direct operating costs, and the associated global
warming potential within a European context. Overall, this
study represents a first step toward integrating green anode re-
cycling of next-generation Si/Gr materials into industrial-scale
lithium-ion battery manufacturing.

2. Experimental section
2.1 Delamination

A novel delamination technique, developed by Chen et al. and
known as “ice-stripping”, was used to remove the Si/Gr coating
from the electrodes.®® The ice-stripping process was conducted
with a commercial stainless steel fried ice cream roll machine,

This journal is © The Royal Society of Chemistry 2025
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measuring 28 cm by 24 cm, capable of reaching temperatures
as low as —20 °C. To induce delamination, the electrode was
sprayed with 5 mL of distilled water using a standard spray
and then cooled on a surface at approximately —5 °C to —10 °C
for 10 seconds. This freezes the water within the electrode’s
pores, causing complete delamination of the cast materials
and detachment of the current collector. The resulting powder
(named I-Si/Gr) was collected and dried overnight in a vacuum
oven at 80 °C, and the copper collector was reclaimed.

For the ultrasound delamination, the Si/Gr electrodes were
cut and immersed in a beaker with 100 mL of distilled water, fol-
lowed by ultrasound treatment using a Branson Sonifier 250
with a 1/8-inch tapered microtip. This device is capable of deli-
vering a maximum output of 250 W at a frequency of 20 kHz. A
continuous wave was applied for eight minutes at 20% of the
system’s total energy to facilitate delamination. The physical
force of the ultrasonic machine facilitates the separation, helped
by the dispersion affinity of CMC and SBR in water, resulting in
the delamination of the electrode.'” The resulting solution was
filtered with a vacuum pump, and the powder (labeled U-Si/Gr)
was recovered and dried under vacuum at 80 °C overnight. A
schematic representation of both ice-stripping and ultrasound
delamination processes is depicted in the Fig. 1.

2.2 Material characterization

The pristine and recycled Si/Gr materials were characterized by
X-ray diffraction (XRD) with a Bruker D8 Discover (LYNXEYE
XE detector with the Cu Ka radiation [4 = 1.54060 A] in the 26
range 10-80). Le Bail refinements of the XRD patterns were
carried out using the FullProf Suite software®® to determine
the unit cell parameters of the graphite and Si phase for each
sample.

Raman spectroscopy was performed with a Renishaw
spectrometer (Nanonics Multiview 2000) with a wavelength of
532 nm using 1% of laser power with 15 s of exposure time, in
two spots, for graphite and silicon particle spots, in triplicate
for each sample. The morphological and type of material distri-
bution of the samples were examined by Scanning electron
microscope (SEM - FEI Quanta 200 FEG with 10-15 kV with
ETD and BESD detectors). The images were processed using
Image] to provide a rough estimation of the ratio of silicon to
graphite in the sample. This was achieved by applying an
enhancement filter and using an automatic threshold with
noise reduction to count and estimate the area of the bright
silicon particles. The FTIR scans were taken in a PerkinElmer
Spectrum 400 with a diamond window, with a resolution of 2
and 64 scans. The particle size analysis (PSA) was performed
with a Malvern Mastersizer 3000 in air dispersion.

A STA449 F3 Jupiter (Netzsch) was used to evaluate the
thermal stability and presence of residuals of the material. The
simultaneous thermal analysis (STA) experiments were per-
formed from 30 °C-1000 °C at a heating rate of 10 °C min~"
under an argon and synthetic air (80% nitrogen + 20% oxygen)
atmosphere with a flow rate of 60 mL min~". The STA instru-
ment was coupled to a quadrupole mass spectrometer (QMS 403
Aéolos, Netzsch) to analyze the gas mass evolution. Differential
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thermal analysis (DTA) measures the difference in temperature
between the sample and the reference powder, indicating how
and whether the sample changes in temperature.

2.3 Cell preparation

Single-sided coated negative electrodes containing 94 wt%
mixture of graphite and Si/C (9 wt%), as active material, 2 wt%
of C65, and 2 wt% of carboxymethyl cellulose (CMC)
TextureCel 2000 and 2 wt% of Styrene-Butadiene Rubber (SBR)
TRD 302A were provided by SAFT. The electrodes prepared
from the recycled samples were made by adding 2% of binders
(1 wt% CMC and 1 wt% SBR) and distilled water to achieve a
desired loading of approximately 40 wt% The reclaimed
powders were homogenized in a mortar, then mixed with the
CMC, SBR, and water solutions, and dispersed with an IKA
stirrer until a homogeneous slurry was obtained.

The electrochemical performance of the different samples
was analyzed in a climatic chamber with controlled tempera-
ture (25 °C) using a CR2032 coin-type cell assembled in a glove
box under an Ar atmosphere against metallic lithium. The elec-
trolyte used was LiPF, in ethyl methyl carbonate : fluoroethyl-
ene carbonate (EMC:FEC; 7:3) + 2% of vinylene carbonate
(VC). All materials were tested in triplicate, and the detailed
cycling protocol for electrochemical testing is provided in SI
Table S1.

2.4 Economic analysis

A preliminary economic analysis was conducted to examine
the benefits and advantages of the water-based delamination
techniques. For comparison with the two delamination
approaches developed in this work (ice-stripping and ultra-
sound delamination), the widely used water immersion
washing (“multiwashing”) method for anode delamination was
adopted from the literature.>>*>*° In this case, the process
involves immersing the anode sheets in hot water and washing
them several times to remove the binder and conductive
carbon.

The three water-based delamination techniques were evalu-
ated in terms of gate-to-gate recovery cost, water consumption,
and global warming potential (GWP). The functional unit was
defined as 1 kg of recovered active anode material. The system
boundary covered the delamination step and the re-manufac-
turing of a new electrode coating using the recovered material.
Cost estimates were derived from laboratory-scale process data,
including consumables (such as water and electricity), process
time, and additive replenishment (e.g., binder). Energy con-
sumption was calculated by scaling the operational power
demand of the respective equipment (e.g., ultrasonic bath, ice
stripping apparatus) to the per-kilogram throughput. Water
use was measured directly during experiments and scaled
according to process volumes. The drying step was assumed
identical across all processes, with no scaling applied, as the
laboratory oven accommodates a batch size equivalent to 1 kg
of active material.

The GWP was calculated using the IPCC 2021 GWP100
method, applying economic allocation, with life cycle inven-

Green Chem., 2025, 27,14695-14709 | 14697


https://doi.org/10.1039/d5gc04489h

Published on 24 October 2025. Downloaded on 4/5/2026 8:22:23 PM.

Paper

a)

Parameters
1) Water
impregnation

2) Temperature
3) Peelingforce

4)Time

1-Si/Gr

o=

5 mL/sheet

Adhesion

Recovery rate (%)

10 -5 -2 0

Temperature (°C) 10 seconds

View Article Online

Green Chemistry

b)
Parameters
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2) Time
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current collector
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Time (s)

Fig. 1 Schematic of the two delamination routes applied to Si/Gr anode scrap. (a) Ice-stripping: water impregnation, temperature, peeling force,
and time govern the delamination efficiency; with higher recovery at lower temperatures, which also increases the adhesion. (b) Ultrasound delami-
nation: water ratio, duration, and energy determine recovery; a 1:10 electrode-to-water ratio gave optimal detachment, while excess energy
damaged Cu. Center SEM images show recovered electrodes (I-Si/Gr, U-Si/Gr) and corresponding Cu surfaces, confirming effective, water-based

delamination.

tory (LCI) data sourced from Ecoinvent 3.11. Standard emis-
sion factors for electricity, water, and pristine graphite
production were applied. Pristine anode material pro-
duction (94 wt% SiGr, 2 wt% C65, 2 wt% CMC, 2 wt% SBR)
was included as a benchmark scenario. All assumptions,
inventory data, and calculation procedures are detailed in
the SI.

14698 | Green Chem., 2025, 27,14695-14709

3. Results

3.1 Electrode delamination

Si/Gr scrap electrodes were tested under two delamination pro-
cesses (Fig. 1), an ice stripping delamination,®® and an ultra-
sound delamination, which allows the green and direct recov-
ery of the anode active materials and current collectors.

This journal is © The Royal Society of Chemistry 2025
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The working mechanism of the ice-stripping consists of an
interplay between water penetration, temperature, adhesion
strength, and contact time of the coating, which determines
the efficiency of the ice-stripping process, see Fig. 1a.

During delamination, a thin layer of water (5 mL per sheet)
infiltrates the porous Si/Gr coating and reaches the interface
with the current collector. Upon placing the wetted electrode
on a cold plate maintained at a temperature between —5 °C
and —10 °C, the water film rapidly freezes, resulting in volu-
metric expansion. This transition creates both normal and
shear stresses at the coating-collector interface, which exceed
the weaker adhesion forces between the coating and current
collector. When these stresses exceed the interfacial adhesion,
cracks initiate and propagate, allowing the layer to detach
cleanly while leaving the collector residue-free.

Temperature plays a key role in this process: according to
Chen et al.,* the onset of effective delamination occurs below
—4 °C, and full recovery is achieved near —10 °C. Contact time
is equally critical, as the freezing of the interfacial water film
must be sufficient to establish a cohesive “ice-tape” between
the coating and the cold substrate. This time can be estimated
from Newton’s law of cooling, which models the heat transfer
between the electrode and the cold plate:

T, — me(T; — Tt) (1)

hA

where T, is the cooling time (s), m the mass of water (kg), ¢ the
specific heat of water (4200 ] kg™" °C™"),*®> T; and T; the initial
and final temperatures (25 and 0 °C, respectively), / the heat
transfer coefficient (6000-7500 W m™> °C™"),"® and A the
contact area (m?). For a coating of 9.6 X 6 cm?, the freezing
time ranges between 2.8-3.5 s, confirming that heat transfer
and freezing occur faster than heat can diffuse through the
surrounding medium.*'

The rapid solidification of ice allows it to bond effectively to
the cold plate, creating interfacial stress on the coating. The
lower the temperature and the longer the contact time, the
greater the adhesion. Factors such as water penetration and
wettability also impact the efficiency of delamination. Higher
porosity and hydrophilic binder systems enable deeper water
infiltration, promoting more uniform ice formation at the
interface.””> Combining proper wetting, sub-zero temperatures,
and adequate freezing time creates interfacial stresses that
surpass the adhesion strength of the material. This enables
effective delamination while preserving the integrity of the
recovered coating.

In the case of the ultrasound delamination, the working
principle relies on the application of high-energy ultrasonic
waves in a solvent medium. The key factors in this case are the
water ratio, sonication duration, and energy used, see Fig. 1b.

To allow the effective delamination, from our previous
work, we found that a ratio of 1/10 sample/solvent with
8 minutes of sonication time and 20% of the system total
energy allows the effective delamination of most of the
material.”” The ultrasonic waves generate cavitation that is
absorbed on the surface of the electrodes. This process creates

This journal is © The Royal Society of Chemistry 2025
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an aggregation of anode particles, which leads to the breaking
of the bonds between the cast material and the current collec-
tor, allowing for progressive delamination of the electrode.

As a result, the coating is delaminated and dispersed in the
water solution, allowing the metallic current collector to be
recovered almost completely clean, with some remains of
materials still present on the surface, see Fig. 1b. When
attempting to increase the energy or duration of sonication,
the current collector began to deteriorate, resulting in pieces
of copper being mixed with the delaminated powder, which
marks a limitation of this method, at least with our current
setup.

Fig. 1 provides an inset image of the recovered current col-
lectors and the corresponding SEM micrograph. Both delami-
nation methods effectively removed most of the active
material, and no significant damage or morphological degra-
dation was observed on the surface of the current collector
after the delamination process, compared to the pristine Cu
(SI Fig. S1), suggesting its suitability for direct reuse.*’
However, some isolated regions with incomplete removal
exhibit residual traces of active material and binder/conductive
additives, which are more evident in the ultrasound-delami-
nated samples. Still, the remaining material can be easily
cleaned, and it is possible to recover the metallic current col-
lectors completely with no contamination or damage.

3.2 Material flow balance and circularity indicators

As a first step after the delamination of the pristine electrodes
(P-Si/Gr), the recovery efficiency was determined by comparing
the initial mass to the weight of the recovered powders and
current collectors. To make the link to circularity explicit, we
quantified the mass flows during delamination (Fig. 2). The
coating recovery efficiency (i7sec) is defined as:

e 6] = e 100, (2)
Minitial
where Mminiial is the initial coating mass on the scrap electrode
and Myecoverea 1S the mass of detached Si/Gr coating. Ice strip-
ping achieved 98 + 1% recovery efficiency, while ultrasound
delivered 88 + 2%. In both cases, the Cu foil was reclaimed
intact (~100%). The resulting powders are a mixture of active
material and a certain percentage of additives, which was
determined by thermogravimetry and FTIR, and later dis-
cussed in the document.
To quantify circularity under direct recycling conditions, we
define the Material Retention Ratio (MRR) as:

Mreused ( 3)

MRR [%] = x 100,

Minput
where M,y is the mass of the initial electrode coating and
Mreused the mass recovered in a form suitable for direct re-man-
ufacturing. For the Si/Gr system. Considering that we esti-
mated the amount of retained active material, binder, and
carbon by thermal analysis and microscopy, we were able to
determine the amount of material that needs to be readjusted
for re-manufacturing. Ice-stripping achieved a recovery of

Green Chem., 2025, 27,14695-14709 | 14699
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Binder losses
~2% (TG/FTIR)

Ice-stripping
— (5 mL water, -5°C to
-10°C, 5-10s.)

Recovered
material
98+1%

Input
Si/Gr Scrap
(coating + current
collector)

Reclaimed Cu
foil
100%

Binder losses
~2% (TG/FTIR)

Ultrasound
= (100 mL water, 20%
of energy,120 s.)

Recovered
material
88+2%

Reclaimed Cu
foil
100%

Fig. 2 Material flow balance for water-based delamination routes. The diagram illustrates the distribution of mass between recovered coating,
reclaimed Cu foil, and minor binder or fine losses, which serve as preliminary circularity indicators.

Minpyt = 6.6 g from an input of Mjnpy: = 6.8 g, corresponding to
an MRR of 95.1%. Ultrasound delamination yielded 6.0 g,
giving an MRR of 86.5% (see Table 1). Reflecting minimal
losses in the physical separation step and alignment with cir-
cular manufacturing principles based on direct reuse.**

3.3 Structural characterization

To investigate the structural preservation of the recovered
materials, X-ray diffraction (XRD) and Raman spectroscopy
were employed. Fig. 3a shows that all samples exhibit a strong
graphite (002) reflection at ~26.5°, characteristic of a high gra-
phitization degree.*” Additional diffraction peaks corres-
ponding to the Si (111), (220), (311), and (331) planes are also
observed, confirming the presence of crystalline silicon.*® The
extracted crystallographic parameters—including the interlayer
spacing (doo»), crystallite dimensions (L,, L), graphitization
degree, and relative peak intensities—are summarized in
Table 2, with detailed calculation procedures provided in the SI.

Le Bail fitting of the XRD data (SI Fig. S2) confirms that the
graphite lattice parameters remain unchanged after recycling,
showing values similar to those of the pristine (P-Si/Gr)
sample and consistent with literature reports (see Table 2).*”
These results indicate that the core crystalline framework
of graphite remains structurally stable and unaffected by

Table 1 Summary of recovery and circularity metrics for water-based
delamination

Process Mrec [%] Cu foil recovery [%] MRR [%]
Ice stripping 98+1 ~100 95-98
Ultrasound 92 +2 ~100 89-93

14700 | Green Chem., 2025, 27, 14695-14709

the delamination processes. The interlayer spacing dgo
(~0.336 nm) is consistent across all samples, in excellent
agreement with reported values for graphitic materials.*®
However, minor variations are observed in the degree of gra-
phitization. The P-Si/Gr sample exhibits a high graphitization
degree (99%), characterized by large in-plane crystallite sizes
(Lz ~73 nm) and a well-preserved stacking height (L.
~41 nm).* Both I-Si/Gr and U-Si/Gr samples display compar-
able in-plane crystallite sizes (L, ~77-76 nm, respectively),
indicating similar graphitic domain dimensions. Nevertheless,
a modest reduction in stacking height is noted, particularly for
the ultrasound-treated sample (L. ~38 nm) compared with the
ice-stripped one (L. ~42 nm), suggesting that the layered struc-
ture is better preserved during ice-stripping. Correspondingly,
the graphitization degree decreases slightly to 91% for I-Si/Gr
and 90% for U-Si/Gr, yet both remain within the range of
highly graphitic materials.’® Regarding the silicon phase, both
pristine and recycled samples maintain similar Si lattice para-
meters (a ~ 5.431 A).

Raman spectroscopy was performed at multiple spots to
account for spatial confinement and sample inhomogeneity—
specifically on the surface of graphite and silicon particles.
The Raman spectrum of the P-Si/Gr particle exhibits a lower
Iy/I; ratio (0.241), indicating a higher degree of structural
order. In contrast, both recycled graphite particles display
increased disorder, with Iy/I, ratios of ~0.54 (I-Si/Gr) and 0.58
(U-Si/Gr), suggesting greater structural defects and the pres-
ence of residual binder or conductive carbon on the particle
surface.’® The Raman spectrum of the Si region (SI Fig. S3)
exhibits a characteristic Si peak at 517 em™' and similar /I,
ratios (0.65), along with features attributed to disordered
carbon, likely originating from the synthesis process.’"

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) XRD patterns and (b) Raman spectra of the different Si/Gr
samples. Bragg reflections correspond to graphite (ICSD-230104) and Si
(ICSD-51688), as referenced from database.

3.4 Morphology analysis of recycled powders

SEM images reveal two key morphological trends (Fig. 4). In
the P-Si/Gr sample, the round Si particles (appearing as bright
violet features) are homogeneously distributed within a matrix

Table 2 Crystal and structural parameters of the different samples
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of plate-like graphite flakes. In contrast, the U-Si/Gr sample
shows more compact and flattened graphite domains,
accompanied by a visibly reduced number of Si particles,
suggesting possible Si loss or redistribution during ultrasound
delamination. By comparison, the I-Si/Gr samples retain a
morphology that closely resembles the pristine sample, with
well-dispersed Si particles and an intact graphite network.

Energy-dispersive X-ray spectroscopy (EDX) coupled with
SEM (SI Fig. S4) confirms that the Si-to-Gr content in the recov-
ered materials remains close to 9 at%, with only minor vari-
ations in the atomic ratio among samples. Given the semi-
quantitative nature of EDX, these results are considered orien-
tative. Despite the morphological differences, the overall Si-to-
graphite areal ratio and spatial distribution remain consistent
across all samples. A close-up SEM image (SI Fig. S5) reveals
the characteristic oval morphology of Si particles and the
flake-like structure of the graphite. Fragmented Si particles
can be observed in the U-Si/Gr samples, along with surface
stains on the graphite flakes, which are likely side effects of
the ultrasound delamination process.’*

3.5 Determination of the residual binder content

To evaluate the retention of binder and conductive carbon,
thermogravimetric analysis (TG) was performed in both syn-
thetic air and argon atmospheres on reference additives, pris-
tine electrodes, and recycled Si/Gr powders. Differential thermo-
gravimetric (DTG) and differential thermal analysis (DTA)
signals were also acquired to identify decomposition events
(Fig. 5). Fig. 5a shows the TG/DTG profiles of the individual
components SBR, CMC, and C65. CMC displays three distinct
degradation stages, featuring a main DTG peak at 275 °C and a
shoulder at approximately 400 °C, corresponding to carbonate
decomposition.>® SBR decomposes between 325-475 °C with a
primary peak centered at 425 °C,>* whereas C65 remains stable
up to 600 °C and undergoes complete oxidation near 980 °C.
The TG profiles of the pristine and recycled powders in air
(Fig. 5b) display distinct multistep mass losses. The DTG curves
reveal three main decomposition stages: (1) 220-300 °C (CMC),
(2) 300-400 °C (SBR), and (3) above 500 °C, corresponding to
the combustion of carbonaceous components. DTA analysis
(Fig. 5c¢) confirms these transitions, showing overlapping
exothermic and endothermic peaks. A broad exothermic signal
attributed to Si oxidation is most pronounced in the pristine
and I-Si/Gr samples but notably attenuated in U-Si/Gr,
suggesting partial Si loss caused by cavitation during ultrasonic

Unit cell parameters Gr Unit cell parameters Si

Sample a(A) c(d) a=b=c(A) dooz (Nm) L, (nm) Ly, (nm) Graphitization (%) Ia/Ig

P-Si/Gr 2.461(1) 6.719(1) 5.432(1) 0.3357 73 a1 99 0.241
I-Si/Gr 2.461(1) 6.718(4) 5.431(2) 0.3361 77 42 91 0.539
U-Si/Gr 2.462(1) 6.725(4) 5.436(4) 0.3362 76 38 90 0.582

L, and L, correspond to in-plane and stacking crystallite sizes, respectively. Graphitization degree was estimated from the do, spacing. The for-

mulas to calculate all these values are reported in the SI.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Top-view SEM micrographs of the Si/Gr anode powders: (a) pristine (P-Si/Gr), (b) ice-delaminated (I1-Si/Gr), and (c) ultrasound-delaminated
(U-Si/Gr). The top panels correspond to backscattered electron (BSD) images highlighting elemental contrast and particle distribution across the
surface. The bottom panels present combined EDS/ETD overlays illustrating the topographical distribution and exposure of Si- and C-rich regions on

the recovered powder surface.

delamination.>® A distinct Cu — CuO oxidation peak at approxi-
mately 815 °C appears only in the pristine electrode, confirming
the absence of Cu contamination in the recycled materials.

Mass spectrometry (Fig. 5d-f) identifies the evolved gases
during oxidation. The recycled powders exhibit a sequential
emission of H,0, CO,, and O,, corresponding to the degra-
dation of polymeric and carbonaceous species. The mass loss
proceeds through three well-defined steps: (1) H,O release
below 300 °C, associated with moisture removal and CMC
decomposition; (2) subsequent release of CO, and O, linked to
binder degradation; and (3) final emission of CO, CO,, and O,
from carbon combustion. Based on the ~2.29% binder mass
loss detected under argon, it is estimated that approximately
2% polymer content remains in the recycled powders.

Complementary thermogravimetric-mass  spectrometry
(TG-MS) measurements under an inert (argon) atmosphere
are provided in the SI (Fig. S6). These analyses confirm a
residual binder content of approximately 2.29 wt%, attributed
to the volatilization of SBR and CMC without significant
carbon loss or Si oxidation. FTIR spectroscopy (SI Fig. S7)
further corroborates the presence of residual binder, showing
characteristic absorption bands corresponding to the carboxyl
and alkyl groups of CMC and SBR in both I-Si/Gr and U-Si/Gr
powders. Moreover, particle size distribution analysis (SI
Fig. S8) reveals an approximately 20% increase in Dv50 for the
recycled samples, consistent with the agglomeration of par-
ticles caused by residual binder.

14702 | Green Chem., 2025, 27,14695-14709

To restore the original 4 wt% binder formulation, a 2 wt%
binder top-up was added during electrode remanufacturing.® It
is important to consider the residual binder and conductive
carbon present in the recovered powders, as assuming a com-
pletely pure material or an inaccurate percentage can directly
influence the measured electrochemical performance by misre-
presenting the accurate active material content in the elec-
trode.'” Our previous work demonstrated that the retention and
reuse of residual binder and conductive carbon are feasible®”
and do not adversely affect the electrochemical performance of
the recycled electrodes. However, additional mixing time is
required to achieve homogeneous dispersion and ensure con-
sistency in both the slurry and the resulting electrode coating.

3.6 Electrochemical performance

The voltage profiles (Fig. 6a) reveal nearly identical electro-
chemical behavior for the P-Si/Gr and I-Si/Gr electrodes, exhi-
biting the typical graphite plateau (~0.12-0.20 V vs. Li/Li") and
the characteristic sloping region of silicon below 0.1 V. This
confirms the preservation of both electrochemically active
graphite and silicon domains. A more detailed analysis of
these contributions is provided by the differential capacity
curves (dQ/dV) (SI Fig. S9).>® Together with the preceding struc-
tural and compositional results, these findings demonstrate
that ice-stripping is the most effective approach for preserving
electrochemical performance in recycled Si/Gr electrodes.

The cycling performance of the recycled electrodes over 100
cycles is shown in Fig. 6b. The 1-Si/Gr sample retains 94% of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Reference TG (solid) and DTG (dotted) curves for SBR, CMC, and C65 recorded in air and normalized to unit area. (b) TG (solid) and DTG
(dashed) curves of P-Si/Gr (black), I-Si/Gr (blue), and U-Si/Gr (green) in air. (c) Corresponding DTA traces (dashed; exotherm down) overlapped on
the TG curves. (d—f) Mass spectroscopy in air reveals distinct mass releases for P-Si/Gr, |-Si/Gr, and U-Si/Gr, respectively.

its initial charge capacity (503 mAh g™, closely matching the
P-Si/Gr electrode, which retains 97% (536 mAh g™ ') of the
practical capacity (550 mAh g™*) for this Si/Gr composition. In
contrast, the U-Si/Gr electrode exhibits the lowest initial

This journal is © The Royal Society of Chemistry 2025

capacity (443 mAh g™) and a more pronounced capacity fade
during cycling. All electrodes show an initial coulombic
efficiency (ICE) of approximately 90%, higher than typical
values reported for similar Si/Gr systems, likely due to the opti-
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cells over 100 cycles at different C-rates.

mized electrode formulation and structural integrity of the
recycled material.>® The initial ICE is primarily limited by the
formation of the SEI, particularly on the silicon surfaces during
the first lithiation.®® The comparable coulombic efficiencies
across all samples suggest that the green delamination routes
employed here do not introduce surface contamination or alter
the intrinsic reactivity of the recovered materials.

The variability across three independent cells per sample is
presented by the shaded region in Fig. 6b. Both I-Si/Gr and P-
Si/Gr exhibit narrow spread and high reproducibility, while U-
Si/Gr displays larger deviations, likely due to inhomogeneous
active material distribution and compromised electrode integ-
rity after ultrasonic treatment.

The periodic drops observed in the capacity curves corres-
pond to cycles tested at 3 C. Under these conditions, kinetic
limitations such as lithium-ion diffusion within the Si domains
and staging transitions in graphite become rate-limiting, while
increased polarization accelerates cutoff potentials and reduces

14704 | Green Chem., 2025, 27,14695-14709
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the accessible capacity. In addition, the resistive SEI that con-
tinuously reforms on silicon further restricts Li" transport at
high current densities.®*> Mechanical stresses are also exacer-
bated under fast cycling, promoting the initiation of cracks and
loss of electrical connectivity within the composite.®***

To confirm the cyclability potential of the I-Si/Gr samples,
cycling was extended by another 100 cycles and their capacity
retention was evaluated. After 200 cycles, the P-Si/Gr and I-Si/
Gr electrode retains 388 mAh g™! and 366 mAh g™, equivalent
to 72% and 73% of its initial capacity (SI Fig. $10). This level of
retention demonstrates that the green delamination method
preserves substantial electrochemical activity. However, the pro-
gressive fading is consistent with known degradation pathways
of Si/Gr electrodes, including fracture, SEI thickening, and loss
of percolation, which is the subject of ongoing research.®>°¢

3.7 Preliminary economic analysis

A preliminary economic and environmental assessment was
performed to compare the water-based delamination routes
investigated in this study: ice-stripping, ultrasound delamina-
tion, and multiwashing, the latter serving as a literature-based
reference process.”>®” The system boundaries (Fig. 7a) are
defined as gate-to-gate, encompassing the delamination, fil-
tration, and drying steps required to recover battery-grade
active anode material from production scrap. Downstream
process stages (coating, mixing, and cell assembly) are
excluded, as they are assumed to be identical for all routes and
thus do not affect the comparative outcome. The analysis
focuses exclusively on direct production aspects (material,
energy, and water consumption), as well as the associated
global warming potential (GWP), providing an initial estimate
of the relative environmental and economic performance of
the three delamination processes. All calculations were per-
formed on a laboratory scale for a functional unit of 1 kg of
recovered active material, as detailed in the SI (sections S1-54).
The detailed calculations are provided in the spreadsheet avail-
able in the Supplementary Information section.

Fig. 7b compares the environmental performance of the
three delamination routes in terms of GWP, energy demand,
and water consumption. Among the investigated methods, ice-
stripping exhibits the lowest overall resource use, up to 70%
lower than ultrasound delamination and multiwashing,
mainly due to its short delamination time and minimal water
requirement. Energy consumption is comparable for the ultra-
sound and multiwashing processes, while the latter requires
substantially higher water input. In terms of GWP, ice-strip-
ping achieves approximately 50% lower emissions compared
to the other delamination routes and up to a 30-fold reduction
relative to electrode production from pristine Si/Gr materials.

From an economic perspective, electrode manufacturing
using pristine materials results in the highest costs and environ-
mental burdens, underscoring the dual sustainability and cost
advantages of implementing direct recycling approaches into
manufacturing processes to utilize discarded materials and
improve efficiency (Table 3). Among the three delamination
routes, ice-stripping emerges as the most promising option,

This journal is © The Royal Society of Chemistry 2025
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combining low water and energy consumption with the lowest
estimated direct production costs, thereby enabling efficient
remanufacturing of new electrode coatings (Fig. 7c). The ana-
lysis presented here reflects a European context; however, vari-
ations in regional cost structures and recycling practices may
lead to different economic and environmental outcomes.®®

It should be noted that this assessment is based on labora-
tory-scale data. Future work should therefore address the
potential challenges associated with process scale-up, includ-
ing higher energy requirements, optimization of the delamina-
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(a) System boundaries for the recycling process, (b) bar chart presenting the environmental footprint, and (c) bar plot for the cost, profit, and

tion process, equipment costs, and demands for wastewater
treatment. While multiwashing may offer a relatively straight-
forward route for scale-up due to its operational simplicity, its
high water use could impose significant challenges for waste-
water treatment and environmental compliance. In contrast,
ice-stripping demonstrates substantial potential for integration
into continuous industrial processes, where its low resource
demand could translate into major cost and emission savings.
Incorporating these considerations into future techno-econ-
omic assessments will be crucial for validating the large-scale
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Table 3 System boundary for the economic and sustainability analysis
for all scenarios, showing the delamination cost, total cost (€ per kg),
profit ($ per kg), and GWP (kg CO,e per kg)

GWP
Delam. cost Total cost Profit (kg COe
Scenario (€ per kg) (€ per kg) ($perkg)  perkg)
Ice-stripping 1.08 4.50 4.28 1.21
Ultrasound 1.88 5.30 3.48 2.05
Multiwashing 1.89 5.85 3.47 2.03
Pristine 0.00 9.13 — 34.91

The used values for the calculations are: electricity price: p. = 0.16, €
per kWh (EU non-household average, 2H2024).°° Water price: p,, = 2.0,
€ per m® (tap water tariff, Spain). Si/Gr = 5.36, € per kg, C65 = 7.00, €
per kg, CMC = 11.59, € per kg, SBR = 42.16, € per kg.®” The emission
factors were obtained from Ecoinvent 3.11 (see SI).

feasibility and sustainability of water-based delamination
processes.

4. Conclusions and perspectives

To the author’s knowledge, this study presents the first investi-
gations of the direct recycling of Si/Gr composite anode scraps
using environmentally benign, water-based delamination pro-
cesses. We demonstrate that both ice-stripping and ultrasound
delamination enable efficient separation of the active material
and current collector without the use of chemical reagents or
energy-intensive treatments (i.e., high-temperature processes),
achieving recovery efficiencies of more than 90%, while preser-
ving key properties of the Si/Gr active material.

The structural characterizations confirm that the crystal
structure of Si/Gr remains unchanged, with no evident effect
on the graphitic layers or silicon phase. However, the retention
of residual binder and carbon additives was detected, but with
no influence on the reprocessing of the material. Minor differ-
ences were observed between the two recycled samples, mainly
in the distribution of Si particles in the ultrasound-delami-
nated samples compared with the ice-stripped ones.

Thanks to the retention of the original binder and conduc-
tive additives, only a minor binder top-up was required during
reprocessing. Electrochemical testing revealed that the ice-
stripped samples exhibited the best performance among the
recycled electrodes, achieving 94% of the pristine materials
capacity and maintaining 74% of that capacity after 200 cycles.
In contrast, the ultrasound-delaminated samples showed
reduced electrochemical performance, likely due to material
loss and structural damage induced by cavitation. However,
further studies are needed to understand the causes of this
phenomenon.

Alongside the technical validation, a preliminary cost
and sustainability assessment confirms that ice-stripping is
the most favorable method, offering the lowest delamina-
tion cost, lowest global warming potential (GWP), and
lowest water consumption, while preserving a significant
portion of the binder and conductive carbon additives.

14706 | Green Chem., 2025, 27,14695-14709
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Compared with pristine electrode manufacturing, the ice-
stripping route reduces total cost by approximately half and
represents the most profitable of the evaluated delamina-
tion techniques.

At the current laboratory scale, both delamination methods
demonstrate high recovery efficiency; however, several chal-
lenges must be addressed for industrial implementation. In
the case of ice-stripping, the requirement for temperature-con-
trolled surfaces and defrosting cycles could increase energy
demand. Nonetheless, short freezing times (5-10 s) and mild
operating temperatures (—5 to —10 °C) can keep specific
energy consumption within reasonable limits through appro-
priate heat-exchange integration. While conventional ice-
making equipment is unsuitable for large-scale electrode pro-
cessing, an inline roll-to-roll configuration could enable con-
tinuous operation. Furthermore, depending on the geographi-
cal context, ambient environmental conditions can be lever-
aged to achieve the necessary freezing temperatures, thereby
further improving energy efficiency.

Ultrasound delamination, by contrast, will require scaling
acoustic reactors while maintaining uniform cavitation inten-
sity. Besides high-power sonicators, which perform effectively
at the laboratory scale, modular or flow-through reactor
designs will be essential for continuous operation. Equipment
cost and maintenance, particularly transducer lifetime, will
also affect scalability. The process water can be reused in a
closed-loop system following simple filtration, thereby mini-
mizing wastewater generation. Overall, both delamination
routes can benefit from energy recovery, water recirculation,
and process automation, providing a viable pathway toward
industrial-scale, solvent-free delamination.

Our findings confirm that ice-stripping is a practical, envir-
onmentally friendly, and cost-effective method for delaminat-
ing Si/Gr electrode scrap. Future work should focus on quanti-
fying Si particle redistribution, optimizing binder top-up
requirements after recycling, and validating process scalability
through pilot-scale trials supported by full life-cycle analysis.
The next logical step will be to extend this approach to cycled
materials, requiring a detailed understanding of aging mecha-
nisms and structural evolution in the complex Si/Gr composite
system. Overall, this work aligns closely with the objectives of
the circular economy and the emerging regulatory mandates
for sustainable battery manufacturing.
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