View Article Online

View Journal

M) Cneck tor updates

Sustainability

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Mottaghi, A.
Kulkarni and J. Pearce, RSC Sustain., 2025, DOI: 10.1039/D4SUO0808A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted

RSC N for publication.
Sustainability

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the

Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors

™ ROvAL SOCIETY

o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

7® ROYAL SOCIETY
PN OF CHEMISTRY


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4su00808a
https://rsc.66557.net/en/journals/journal/SU
http://crossmark.crossref.org/dialog/?doi=10.1039/D4SU00808A&domain=pdf&date_stamp=2025-02-21

Page 1 of 13 RSC Sustainability

View Article Online
DOI: 10.1039/D4SUO0808A

Sustainability Spotlight Statement

The growing amount of solar photovoltaic module waste poses significant environmental and
economic concerns. This research addresses the challenge through fabrication of anodes for
lithium-ion batteries through the recycling of silicon from discarded solar cells. Additionally, the
integration of 3D printing techniques enables precise engineering of complex anode structures,
enhancing battery performance by increasing energy density without sacrificing power density.
This innovative approach represents a promising step toward improving the performance of
sustainable and cost-effective energy storage devices as well as improving the end of life of
photovoltaic systems. The batteries assembled with the recycled anode showed better performance
than commercial graphite anode-based batteries showing the promise to provide lower cost

batteries while enabling green end-of-use recycling for solar cells.
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Recycling Silicon Photovoltaic Cells into Silicon Anodes for
Li-ion Batteries Using 3D Printing

Maryam Mottaghi,*? Apoorv Kulkarni® and Joshua M. Pearce ¢

With the increasing adoption of solar energy, the disposal of end-of-life photovoltaic modules has become a growing
environmental concern. As crystalline silicon has significant potential as an anode material for lithium-ion batteries, this
study investigates recycling waste solar cell material into batteries using 3D printing. An open-source toolchain is developed
to ensure accessible replication including a ball mill for grinding the waste silicon, a bottle roller for synthesizing novel
stereolithography (SLA) resins and an SLA 3D printer for geometric control of the deposition of the materials. The materials
were characterized at each step using spectrometry analysis, differential thermal analysis and thermogravimetric analysis
of the polymer resin, optical microscopy on the printed parts, as well as scanning electron microscopy, energy-dispersive X-
ray spectroscopy, and X-ray diffraction on the pyrolyzed parts. Electrochemical characterizations, including cyclic
voltammetry, galvanostatic charge-discharge, and electrochemical impedance spectroscopy, were performed on the
assembled batteries. A mixture of 12% ground silicon solar cells with SLA resin was used for 3D printing the anodes and the
samples were pyrolyzed at 1400°C. The electrochemical tests from the anodes demonstrated a specific capacity of around
400 mAh/g with 89% capacity retention and Coulombic efficiency more than 100% over 200 cycles. This study presents a
promising sustainable solution by integrating recycled solar cell waste into lithium-ion battery anode production, which can
address both waste management and energy storage challenges.

photovoltaic (PV) modules, which make up over 93% of total
production, contain about 0.67 kg of silicon per module which
represent a significant source of silicon waste material °.
Although PV is a well-established renewable energy source that
provides a sustainable state 10 it still provides an operational life
of 20—30 years under warranty!!, At the end of 2016, there were
around 250,000 metric tons of solar panel waste globally, and
this volume is projected to increase to more than 60-78 million
metric tons cumulatively by 2050!!. Recycling this waste
economically is a challenge 1213 so establishing an upcycled
application would have high value. Silicon in this solar waste is
a good candidate for use in anodes in lithium-ion batteries
because it has already undergone modification and purification
14_Silicon-based anodes for large-scale applications are limited,
however, due to their poor intrinsic conductivity, and huge
volume change, more than 300%, during lithiation and de-
lithiation. The volume change creates particle pulverization and
repeated formation of solid electrolyte interface (SEIl) layer that
results in low columbic efficiency (61.7%) 5718, One of the
solutions to address these issues is compositing silicon particles
with carbon. In this regard, silicon provides the anode with high
capacity while carbon increases the conductivity and alleviates
the volume change by surrounding the silicon in the structure
18, The conventional way to fabricate batteries is based on

1 Introduction

Developing electronic devices such as portable electronics and
electric vehicles and the demand for storing the green energy
have attracted increasing interest and efforts toward
investigating high performance energy storage devices among
which electric batteries are designed to store and release
electricity through electrochemical reactions 2. Batteries are
classified into primary (non-rechargeable, single-use) and
secondary (rechargeable, reusable) types !. Rechargeable
lithium-ion batteries dominate the secondary battery field due
to their high theoretical charge capacity (4200 m Ah g), high
energy density (300 Wh kg™), and portability 3. Lithium-ion
batteries are made of three main parts: anode, cathode, and
electrolyte. Graphite and carbon-based materials have been
widely used as anode due to the good electrochemical
properties and low cost, but their applications are limited due
to low capacity, which results in poor theoretical capacity in
lithium ion batteries down to 372 m Ah g* 78, Silicon is one of
the most promising alternatives for graphite due to its multiple
advantages, including both abundance and a high specific
capacity of about 3579 mAh g! & Crystalline silicon (c-Si)
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preparing slurries, then tape casting onto the current collector,
and subsequently assembling and packaging the cell
components °. Unfortunately, this fabrication method is
difficult to optimize and customize the design and decreases the
efficiency. For improving the energy density, a thicker anode is


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00808a

Page 3 of 13

Open Access Article. Published on 21 February 2025. Downloaded on 2/23/2025 3:04:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

required to accommodate more active materials for storing Li
ionsinside the electrode, but through the conventional method,
increasing the thickness is equal to decrease the power density
since it is more difficult for the li ions to transport through the
entire thickness and reach the active sited inside the structure
20, To address this, 3D printing, with its ability to precisely
control and engineer the design, can help achieve a shorter ion
transportation distance while maintaining a high solid load of
active materials. This approach allows for the enhancement of
both energy density and power density simultaneously 2.
Various geometries have been proposed to enhance battery
performance, among which the 3D porous structure is not
achievable through conventional methods but can be easily
fabricated using 3D printing. Among different 3D printing
methods, direct ink writing (DIW), inkjet printing,
photopolymerization, fused filament fabrication (FFF) (material
extrusion), aerosol jet printing, and selective laser sintering are
promising for battery fabrication 22724, Although the most
popular 3D printing methods, the extrusion-based methods
require complex material preparation to optimize the material
rheological behaviour with high viscosity and suitable density
2526 Stereolithography (SLA), however, is not restricted by
extrusion and provides the part with more flexibility, and design
resolution comparing to other methods including FFF or DIW
and can be a promising candidate for fabricating battery
components. Thus, SLA printing of the Si based anode can be a
solution to enhance the battery performance 27. To test this
hypothesis, in this work, a novel low-cost open-source
hardware 2%2° method is proposed to 3D print the anode part of
a Li-ion battery using silicon PV solar cell waste. For the first
step, the waste is ground using an open-source ball mill to
obtain <50 microns particles3. This particle size offers several
advantages, including higher tapped density, lower specific
surface area (which minimizes side reactions), and higher
volumetric capacity compared to nanometer-sized particles 31.
Then, the silicon particles along with dispersant and photo-
initiator are mixed with UV-curable resin by an open-source
bottle roller32. The slurry was then used to print an acrylate-
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silicon composite using an SLA 3D printer. After pyrlysis. in.an
N, atmosphere, the anodes were assembled int63Coi Cel3siba
glove box. The materials were characterized at each step using
spectrometry analysis, differential thermal analysis (DTA), and
thermogravimetric analysis (TGA) of the polymer resin, optical
microscopy on the printed parts, as well as scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
X-ray diffraction (XRD) on the pyrolyzed parts before and after
cycling, and Raman spectra on the pure transparent red resin
before and after pyrolysis. Additionally, electrochemical
characterizations, including cyclic voltammetry, galvanostatic
charge-discharge, and electrochemical impedance
spectroscopy (EIS), were performed on the assembled
batteries.

2 Results and discussion
2.1 UV-Vis spectrometry

The absorbance results for the silicon-based resins indicate that
adding solid content leads to an increase in resin absorbance
index which means more energy is required to start the
polymerization (Figure 1A). Due to the dark colour, Si powder is
known for its high optical absorbance and refractive index. This
high optical absorbance of Si means that sufficient light does
reach deeper parts the slurry to initiate
photopolymerization33.  This  significantly the
penetration depth and curing thickness of the printed part33. It

not of

reduces

is also noticeable that adding carbon black to the resin while
having the same solid load increases the absorbance of the resin
compared to when the resin only contains silicon which is
because carbon black is darker in colour. As a result, the amount
of solid load in the resin is more limited. Also, to achieve
effective curing, a photoinitiator, which has high initiating
activity and a broad absorption wavelength range is required33.
Also, spectrometry analysis of different polymer resins from
various manufacturers reveals that the colorbase resin from
3DRS, which is transparent, exhibits the lowest absorbance
index (Figure 1B). Following this, the Prusament transparent red
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Figure 1. UV-Vis spectrometry results of the A) resins with solid load, and B) Pure acrylate resins.
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Figure 2. A) DTA, and B) TGA results from different acrylate resins.

resin also shows a relatively low absorbance index. Thus, the
colorbase and transparent red resins are identified as the most
suitable candidates.

2.2 DTA and TGA

The DTA results show the decomposition of various elements at
different temperatures (Figure 2A). The peaks observed up to
600°C are attributed to the decomposition of organic
compounds of H,0, CO, CO,, CH,, and H,, as well as the polymer
burnout. This stage of decomposition results in significant
weight loss, which leaves the free carbon residue behind. The
TGA curves reveal that the Prusament transparent red resin
exhibits less weight loss compared to the other tested resins
(Figure 2B). This indicates a higher carbon content in this resin
which means that after pyrolysis it shows less shrinkage. This
characteristic is beneficial for anode fabrication where
mechanical integrity and strength are important. Considering
the TGA results along with the UV-vis spectrometry, the best
candidate for customizing the resin is the transparent red resin,
as it offers a low absorbance index and the highest carbon
content.

2.3 Raman spectra and XRD

Figure 3A shows the Raman spectra of the pure transparent red
resin before and after pyrolysis. Before pyrolysis, the spectrum
exhibits peaks at 1287, 1414, 1616, 1641, 1700, 1725, 2881, and
2947 cm™', which are corresponding to various functional
groups characteristic of the polymeric structure. The peaks in
the 1700-1725 cm™ range indicate the presence of carbonyl

-1 are related to C-H

groups. Also, peaks at 2881 and 2947 cm
stretching in aliphatic and aromatic structures. The bands at
lower wavenumbers suggest C=C and C-O stretching modes,
which are consistent with the acrylate-based resin composition
34-36_ After pyrolysis, the spectrum shows only two dominant
peaks at 1607 and 1373 cm™. These correspond to the G-band
and D-band, respectively, which are characteristic of graphitic
carbon. The disappearance of peaks associated with oxygen-
containing and aliphatic groups confirms the decomposition of
which

carbonaceous structure. The presence of the D-band explains

the organic matrix, leaves behind a disordered

the formation of defective or amorphous carbon, while the G-
band indicates the development of graphitic domains3’. These

This journal is © The Royal Society of Chemistry 20xx

results confirm that pyrolysis effectively removes non-carbon
elements and converts the resin into a partially graphitized
material with residual disorder. Additionally, a broad peak
appears between 2600 and 3000 cm™', which corresponds to
the 2D band of graphitic carbon 32, In the initial pyrolysis run,
the 3D-printed anode samples were heated to 1400°C. In the
XRD results shown in Figure 3B, the peaks at 36.18°, 60.49°, and
72.24° are attributed to the SiC phase (reference code 01-073-
1708). These peaks correspond to the characteristic diffraction
angles of SiC, specifically the (111), (220), and (311)
crystallographic planes, respectively. This XRD analysis shows
that the reaction between silicon and carbon at high
temperatures led to SiC formation. In addition to the primary
peaks, several minor diffraction peaks are observed in the as-
prepared sample, which likely result from interactions among
impurities during high-temperature processing. For instance,
the small peaks at 27.55°, 66.23°, and 70.58° are attributed to
SiO; (silicon dioxide) (reference code: 01-086-1564). This finding
aligns with the EDS analysis of the acid-washed samples, where
residual oxygen was detected. The presence of SiO, may arise
from partial oxidation of silicon during pyrolysis or from residual
silicon oxides that were present in the original material prior to
thermal treatment. Additionally, peaks at 34.16° and 65.31° are
related to FeO (iron (Il) oxide) (reference code: 96-900-9771),
which is supported by EDS results showing traces of residual Fe
after acid washing. Additionally, post-cycling XRD analysis
revealed a change in the silicon crystal size. Initially, using the
Scherrer Formula, the average size of silicon crystallite was
measured to be 249 A, but after cycling, it decreased to 163 A.
The reduction in crystal size suggests that the silicon
experienced stress-induced fracturing during the
lithiation/delithiation process, which is a well-known limitation
of silicon-based anodes. Despite this structural degradation, the
carbon matrix played a key role in buffering the mechanical
strain, accommodating the volume changes, and preventing
structural collapse. This is supported by the battery cycling
performance, which demonstrates that the carbon network
effectively mitigated cracking and maintained electrode
integrity over extended charge-discharge cycles.

Furthermore, post-cycling XRD analysis indicates a noticeable
reduction in peak intensities. This decrease can be attributed to

J. Name., 2013, 00, 1-3 | 3
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Figure 3. A) Raman spectra of the pure transparent red resin before and after pyrolysis, and B) XRD result of samples pyrolyzed at 1400°C.

the formation of amorphous lithium silicate (LixSiOy) and
lithium silicide (LixSi) phases38. Additionally, the incorporation
of lithium into the silicon structure disrupts its original
crystalline arrangement, which further contributes to the peak
intensity reduction.

2.4 Optical Microscopy and Visual Inspection

Optical microscope analysis of the printed samples (Figure 4A)
taken by the Openflexure microscope revealed that the first
cured depth, printed with the polymer resin, increased from the
0.03 mm set in the slicer to 0.4 mm. This increase is attributed
to the increase in the exposure time for the first layer to ensure
the resin was fully cured and adhered to the build platform.
Conversely, the cured thickness of the silicon resin reduced
from 0.03 mm to 0.016 mm which is due to the absorbance of
the light by the powder which was shown by the UV-Vis
spectrometry. Also, the CAD model of the designed anode,
along with the dimensions of the printed and pyrolyzed parts,
are shown in Figure S2. The anode was designed with an initial
diameter of 18.5 mm and a thickness of 0.9 mm. The printed
part retained a diameter of 18.5 mm, which was consistent with
the CAD design. The thickness of the as-printed part was
measured at 0.5 mm, which corresponds to the silicon resin
layer after the polymer resin was removed. During pyrolysis, the
anode experienced dimensional shrinkage due to the removal
of organic components and structural densification. The
diameter decreased to 9 mm, which corresponds to a shrinkage
of 51%, while the thickness reduced to 0.4 mm, which
corresponds to a shrinkage of 20%.

2.5 SEM and EDX

The SEM images of the as ball milled and acid washed solar cell
powder are shown in Figure S3. As can be seen in Figure S3A
and B, silicon (Si), carbon (C), oxygen (O), silver (Ag), aluminium
(Al), tin (Sn), lead (Pb), and iron (Fe) coexist within the powder.
Following the acid wash with HCI (Figure S3C and Figure S3D),
the composition is altered, with only Si, C, O, and Fe remaining
in the powder. During the acid washing process, Al is converted
into soluble aluminium chloride (AICl5), Sn into tin chloride
(SnCly), and Ag into Silver chloride (AgCl). Si remains intact
because it reacts with HCl only at elevated temperatures (above
350°C). SEM images of the 3D printed samples after pyrolysis
(Figure 4B) revealed the formation of distinct carbon residue

4| J. Name., 2012, 00, 1-3

and silicon carbide (SiC) domains which support the XRD finding.
The EDX analysis shown in Figure 4C further confirmed the
presence of these phases, which shows clear signals
corresponding to carbon and silicon. At this elevated
temperature, silicon from the solar cell waste reacted with
carbon residue from the acrylate resin and led to the formation
of SiC. The generation of SiC is undesirable for lithium-ion
battery anodes due to its electrochemical inactivity and non-
conductive nature. While silicon has a high capacity for lithium
storage, the formation of SiC reduces the amount of active
silicon available for the (de)lithiation process. This limits the
overall charge storage capacity of the anode and a reduction in
the specific capacity observed during electrochemical testing
could be attributed to the formation of this component.
Moreover, the relatively low electrical conductivity of SiC, which
arises from its wide bandgap and the scarcity of free charge
carriers 39, disrupts electron conduction pathways and prevents
Li-ion diffusion. In addition, SiC tends to nucleate or accumulate
at grain boundaries during high-temperature processing, since
these regions have higher defect densities and localized stress
that facilitate the reaction between silicon and carbon. As a
result, SiC clusters can create localized resistive regions, which
makes the charge transport more difficult and adversely affects
both rate capability and long-term cycling stability. These
factors lead to decreased charge-transfer efficiency and
reduced overall battery performance. To achieve better
performance, the formation of conductive carbon network
surrounding the silicon particles is desirable. This carbon
structure would improve electrical conductivity and buffer the
expansion of silicon during lithiation which preserves the
structural integrity of the anode.

2.6 Cyclic Voltammetry

Figure 5A displays the cyclic voltammetry (CV) profile of the
anode material. As confirmed by EDS, the structure contains
both silicon and oxygen, and as shown by the XRD results,
crystalline silicon oxide is present. The reduction peak at 0.9 V
is attributed to the irreversible conversion of surface silicon
oxide into LixSiO, 4942, which is a reaction that also contributes

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. A) Optical microscopy image of printed sample using Openflexure microscope, B) SEM, and C) EDX of the pyrolyzed samples at 1400°C.

to the formation of the SEIl. Although this process results in
some initial capacity loss, it introduces a buffering matrix that
helps accommodate the significant volume expansion during
lithiation. Following this, the reduction peak at 0.46 V
corresponds to the reversible lithiation of the silicon phase,
which leads to the formation of a lithium-silicon alloy. Notably,
given the confirmed presence of oxygen in the structure, this
reversible reaction involves not only the formation of pure
lithium silicide but also oxygen-modified lithiated silicon
species, which could further enhance the capacity of the anode.
In the delithiation sweep, the peak at 0.25 V indicates Li—Si
dealloying, while the peak at 0.86 V likely reflects the evolution
or partial decomposition of the SEI, which suggests ongoing
changes in the organic and inorganic SEI components over
cycles. This behavior suggests a stable and reversible lithiation-
delithiation process, with minimal degradation over the
observed cycles. Additionally, the overlapping curves and the
slight increase in intensity at 0.25 V across cycles imply high
reversibility, which shows that the anode material maintains a
consistent electrochemical response.

2.7 Charge discharge

The galvanostatic charge/discharge result is shown in Figure 5B.
The specific capacity at 1C began at approximately 400 mAh/g,
with a Coulombic efficiency exceeding 100% and 89% capacity
retention over 200 cycles. These values are comparable to
reports in the literature indicating 426.78 mAh/g at a rate of 0.5
A/g, where 10% solar cells and 90% graphite were used as

This journal is © The Royal Society of Chemistry 20xx

anodes through conventional methods 4. Additionally, other
studies have reported higher capacities, such as 306 mAh/g at a
1C rate when using 5% silicene and 95% graphite #3. The specific
capacity is also higher than the commercial graphite
(~325mAh/g) 3 when cycled at 1C with the capacity retention
of 66% over 200 cycles. Despite the relatively low percentage of
active material (12%) in the samples, the performance remains
comparable to traditional methods which highlights the
potential of this approach.

It is expected that increasing the solid load will further enhance
efficiency by increasing the availability of active silicon for
lithium storage, which would, in turn, raise the specific capacity.
Also, as confirmed earlier by SEM and XRD results, the reduced
specific capacity observed may be linked to the formation of SiC.
2.8 EIS

The EIS curve of the anode in Figure 5C reveals a semi-circle in
the high-frequency region with a low charge transfer resistance
(Ret) of 35.56 Q, comparable to the 21.45 Q reported in the
similar work 4 and significantly lower than the 146 Q observed
in another work 43, and commercial graphite (~577 Q) 3.
Additionally, the slight zero-point offset in the high-frequency
region can be attributed to minimal resistance through the
electrodes and low contact resistances within the cell
components. This performance is likely due to three main
factors. First, the conductive carbon network formed during
pyrolysis facilitates efficient electron transport and rapid charge
transfer at the silicon-electrolyte boundary. This carbon can

J. Name., 2013, 00, 1-3 | 5
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Figure 5. A) Cyclic voltammetry result, B) Specific capacity result vs commercial graphite anode, and C) EIS spectra of the printed samples vs commercial graphite anode.

help maintain a stable interface, which minimizes typical issues
in silicon anodes, including high internal resistance and volume
expansion. Secondly, the meshed geometry produced by 3D
printing creates interconnected pathways that support both
electron conduction via the carbon framework and ionic
diffusion within the silicon matrix. This design provides an
efficient interface for charge transfer, which reduces internal
resistance. An additional benefit of the meshed geometry is
evident in the flatter Warburg tail, which shows enhanced
diffusion properties. Also, one of the notable advantages of the
3D printed anode design is the absence of polymer binders.
Traditional anode structures often incorporate polymers like
polyvinylidene fluoride (PVDF) 444> or carboxymethyl cellulose
(CMC) 46 to bind the active materials together and enhance
mechanical integrity. These polymers can hinder ionic
conductivity and increase internal resistance, however, limiting
overall electrochemical performance. In the binder-free
approach, ionic pathways are less obstructed, which may
contribute more efficient lithium-ion transport.

The results presented earlier show that for 3D printing the
anodes with solar cell waste using an SLA printer, the initial step
involves selecting the appropriate polymer The
absorbance index increases with the addition of solid load to
the polymer resin, which subsequently reduces the penetration
depth of light and decreases curing thickness. Therefore, resins
with minimal absorbance index peaks are preferred. Another
critical factor in resin selection is carbon content. In this regard,
higher carbon content results in reduced shrinkage in the final
part. Based on these considerations, the Prusament transparent
red resin with 47% carbon content was chosen. Printing the

resin.

6 | J. Name., 2012, 00, 1-3

customized resin posed challenges, as the resin with solar cell
waste did not adhere to the build plate.

To address this, multimaterial printing was employed. Initially,
a polymer resin without solid load was used for the first layer.
Subsequently, printing was paused, and the vat was changed to
one containing the customized resin. However, this approach
led to a new issue which was the separation of the polymer resin
and the customized resin. This separation is critical because
during pyrolysis, layers printed with polymer resin experience
greater shrinkage which result in warping and non-uniformity in
the anode structure. To address this, a flexible resin was used
for the initial layer. The flexible resin has lower surface energy
compared to the acrylate resin which results in inadequate
interfacial contact. Additionally, the elastic nature of the flexible
resin contrasts with the rigidity and denser network of the
acrylate resin which causes internal stresses that induce
delamination. Variations in photoinitiators and cure rates
further contribute to incomplete or improper bonding at the
interface. All these factors, help in the separation of the layers
printed by the customized resin from the layers printed by the
polymer This is similar to the substrate
mechanisms used in metal 3D printing 4748,

After pyrolysis in a nitrogen atmosphere, the anodes were
assembled

resin. release

into half cells and the electrochemical results
demonstrate that SLA printing using solar cell waste is a
promising method for producing lithium-ion battery anodes.
These anodes showed 400 mAh/g specific capacity with 89%
capacity retention and achieved more than 100% Coulombic
efficiency over 200 cycles. This capacity is approximately 94%
of that reported in similar literature, where a specific capacity

of 426.78 mAh/g, 87.5% capacity retention, and 100%

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00808a

Open Access Article. Published on 21 February 2025. Downloaded on 2/23/2025 3:04:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

RSC Sustainability

Coulombic efficiency over 200 cycles was achieved using an
anode composed of 10% solar cells and 90% graphite via
conventional methods e 4. Additionally, the 3D printed anodes
showed a 30.7% improvement in specific capacity compared to
another study, which reported 306 mAh/g, over 93% capacity
retention, and 97% Coulombic efficiency for 500 cycles with an
anode made from 5% silicene and 95% graphite 43. Also, the
anode fabricated in this work shows higher specific capacity
than the commercial graphite (~¥325 mAh/g) %3. The notable
advantage of this work, however, lies in the fact that no
graphite was used in the fabrication of these anodes. The
absence of graphite not only simplifies the process but also
reduces dependency on this commonly used carbon source
which makes the approach more sustainable and offers
flexibility in tailoring the material composition.

Moreover, the choice of acrylate resin as a carbon source,
compared to graphite, presents additional sustainability
benefits. Unlike graphite, which requires energy-intensive
mining and purification processes that have environmental
impacts such as deforestation and water consumption 4°-52,
acrylate resin can be sourced from industrial byproducts or bio-
based feedstocks >3-°¢. This makes it a more environmentally
friendly alternative. Moreover, acrylate resin is highly
customizable 37, which allows for chemical modifications, such
as introducing functional groups like carboxyl or hydroxyl
groups to enhance the binding of the resin with silicon particles
8, that can improve the performance of the anode and
structure. The use of acrylate resin, especially in combination
with solar cell waste, also aligns with a circular economy
approach >° which repurposes waste materials and potentially
lowering the overall carbon footprint of the anode production
process.

This battery performance in this work is attributed to the
residual carbon effect ¢° from the pyrolysis of the polymer resin,
which buffers volume changes in silicon atoms during cycling.
The carbon also enhances conductivity within the anode and
increases accessibility to active sites, contributing to overall
battery efficiency and stability ®°. So far in this work, the
fabrication of anodes for lithium-ion batteries using solar cell
waste through SLA printing has been successfully developed
which demonstrated stable battery performance. The observed
electrochemical performance metrics, with a specific capacity
higher than that of commercial graphite-based batteries (372
mAh/g), suggest that the approach is promising and can be
further optimized. This method is an innovative recycling
technique and is promising in integrating waste materials from
the PV industry into battery production which addresses
sustainability and recycling challenges. The vast amounts of
generated solar cell waste could be repurposed which leads to
substantial material savings and reduced environmental
impact. By 2030, it is estimated that approximately 1.7-8 million
tons of solar photovoltaic waste will be generated globally 62.
Each standard 250 W solar panel weighs around 19 kg and
contains approximately 0.573 kg of silicon 62, This means that 51
thousand tons of silicon will go to waste as solar panels reach
the end of their life cycle by 2030. If the resin used for anode

fabrication contained a solid load of 12% solar waste,

This journal is © The Royal Society of Chemistry 20xx

approximately 0.0015 gr of solar waste would be jpgorparated
into each coin cell, with each anode welghing 020423 06WEn
the total amount of silicon waste, it can be calculated that
approximately 34 billion batteries could be produced annually.
By using the method introduced in this work for anode
production, around 403.75 tons of graphite could be saved
annually in the production of 34 billion batteries. This estimate
is based on the assumption that each anode weighs 0.0125 g,
and considering that commercial batteries typically use more
than 95% graphite in the anode 3. Therefore, by replacing
graphite with silicon from solar waste, a significant graphite
demand could be reduced annually.

The remaining challenge in this work is the low amount of solid
load in the resin, which is limited due to the high absorbance
index of the silicon powder. In other studies, increasing the Si/C
loading has increased SEl resistance, which was primarily due to
reduced accessibility of lithium ions to the active material
caused by the conventional fabrication method 4. In contrast,
the porous electrode geometry in this work makes the silicon
particles exposed to the electrolyte. This unique architecture
allows lithium ions to diffuse more easily through the structure,
even at higher solid loads. Moving forward, future work is
needed to enhance the role of silicon and its high capacity in the
battery by increasing the solid load in the polymer resin. This
can involve modifying the chemical composition of the
customized resin as well as adjusting printer slicer parameters
to optimize the ability to print high silicon loaded resins to
improve performance and efficiency. It has been shown that
increasing the active material loading in the anode leads to
thicker electrodes, which allow more lithium ions to penetrate
deeper into the structure. This makes it more difficult for the
ions to return, however, which results in irreversible capacity
loss and lower initial Coulombic efficiency. By leveraging 3D
printing, this challenge can be addressed by precisely
controlling the electrode architecture, optimizing porosity, and
enhancing ion transport pathways to improve electrochemical
performance 2°. Also, since the current pyrolysis temperature
has been shown to produce silicon carbide, which, as discussed,
has reduced the battery performance, lower pyrolysis
temperatures can be explored. Additionally, while the printed
samples showed promising results, using advanced
microstructures could further optimize their performance. The
application of 3D printing in battery fabrication extends beyond
geometric control. For instance, it enables the fabrication of
complex and fine-grained microstructures, such as porous,
hierarchical, and graded architectures ¢, which can enhance
lithium-ion transport, optimize electrolyte accessibility, and
improve mechanical stability. For instance, gyroid lattice
structures offer a balance between high porosity and
mechanical resilience, which can reduce the risk of cracking and
create uniform stress distribution. Additionally, hierarchical
designs 67:%8, which combine macro-scale porosity for efficient
electrolyte flow with micro-scale features to maximize active
surface area, have the potential to improve electrochemical
performance. Furthermore, graded architectures 6%7°, which
are characterized by gradual transitions in material density or
pore size, can effectively buffer the mechanical stresses caused
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by the expansion and contraction of silicon during cycling, which
enhance cycle life. Another avenue for improvement will be the
utilization of pre-ceramic polymers, combined with solar cell
waste, in a ratio with acrylate resin to further optimize the
material properties and overall performance. Using pre-ceramic
polymers presents several advantages, which include high
structural stability and volumetric strain suppression 7!. By
adding solar cell waste to this composition, an increased Si-Li
alloying due to the higher silicon content and improved
electrical conductivity is expected. Furthermore, while acid
washing was performed to remove impurities from the recycled
silicon powder, some residual contaminants remain, as
identified in the XRD and EDS analyses. To further purify the
material, alternative acid washing practices should be explored
to effectively eliminate these impurities and improve the overall
quality and consistency of the recycled silicon. Also, while the
focus of this work was on demonstrating the feasibility of SLA
3D printing for fabricating anodes using solar cell waste, further
electrochemical testing including rate performance is needed to
comprehensively evaluate battery performance.

Conclusions

This study shows the potential of fabricating lithium-ion battery
anodes using 3D printing with solar cell waste with a specific
capacity of 400 mAh/g with 89% capacity retention and over
100% coulombic efficiency after 200 cycles. These results
surpass the performance of commercial graphite-based anodes
which offers a more sustainable approach. The role of acrylate
resin as a carbon source and the recycling of solar waste aligns
with circular economy principles which address both
sustainability and material reuse challenges. Future work will
focus on increasing the silicon solid load in the resin to increase
the silicon role in the battery performance, optimizing the
pyrolysis temperature to avoid forming SiC, and exploring
advanced anode geometries to further enhance the
performance and scalability of this method.
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