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Abstract

With the increasing adoption of solar energy, the disposal of end-of-life photovoltaic (PV)
modules has become a growing environmental concern. The crystalline silicon embedded in
these modules offers significant potential as a high-capacity anode material for lithium-ion
batteries. This thesis addresses the central research question of how waste silicon solar cells
can be upcycled into anodes for lithium-ion batteries using an open-source, low-cost, and
scalable manufacturing toolchain. The aim is to develop a sustainable pathway that integrates
Open-source hardware and additive manufacturing to create battery anodes from discarded
materials. To investigate this question, an Open-source toolchain was designed and validated,
including an AC/off-grid photovoltaic-powered ball mill, an Open-source scientific bottle
roller, and an Open-source inert-gas glove box. Silicon recovered from waste PV cells was
incorporated into photocurable resin formulations and 3D printed into electrode geometries
using stereolithography (SLA) technology. The printed structures were pyrolyzed to convert
the polymer matrix into conductive carbon, and form silicon—carbon composite anodes. An
investigation was conducted across four pyrolysis temperatures including 800, 1100, 1200, and
1400 °C, to determine their influence on structural evolution, carbon formation, and
electrochemical behaviour. Among these, 1200 °C provided the optimal balance between
suppressing electrochemically inactive SiC formation, enhancing carbon conductivity, and
maintaining mechanical integrity. The corresponding anodes delivered 771 mAh g with 61%
capacity retention over 120 cycles. To further improve conductivity and mitigate silicon
volume changes, carbon nanotubes (CNTSs) synthesized from post-consumer plastic-waste
pyrolysis were incorporated into the resin. The CNT-reinforced anodes showed enhanced
electrochemical behavior and exhibited an initial discharge capacity of 862 mAh g™ with
98.88% initial Coulombic efficiency, which increased to 1,044 mAh g ! upon cycling due to
improved silicon activation and electronic pathways. This thesis demonstrates that waste
silicon PV cells can be transformed into functional Li-ion battery anodes through an accessible,
open-source, and sustainable manufacturing approach. The results provide a proof of concept
for decentralized battery fabrication, advance circular-economy strategies for PV and plastic

waste and expand the role of additive manufacturing in energy-storage materials research.
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Summary for Lay Audience

With the rapid expansion of solar energy, the hidden environmental challenge of managing a
huge amount of discarded photovoltaic modules becomes a concern. These end-of-life panels
contain valuable materials, including crystalline silicon that holds significant potential for
improving lithium-ion batteries as anode material. This thesis addresses this opportunity by
developing a method to upcycle waste silicon solar cells into battery anodes using an
affordable, Open-source manufacturing process. To achieve this, Open-source low-cost tools,
including a ball mill to grind solar cells, bottle roller to mix the ground solar cell with other
materials, and a glove box to prepare the materials in an inert gas environment, were designed
and built. The research involved recovering silicon from discarded panels, mixing it with a
liquid resin, and 3D printing it into precise electrode structures. These printed parts were then
pyrolyzed (heated at extreme temperatures), to convert the resin into a conductive carbon
framework that covers the silicon. Different pyrolysis temperatures were used, and the anode
structural, electrical, and electrochemical properties were tested. The study identified that
processing at 1200°C created the optimal balance for battery performance. Also, for improving
the battery performance carbon derived from plastic waste was included to the structure which
helped reinforce the material against the physical stress of charging. This work demonstrates
a viable circular economy pathway and proves that accessible, decentralized technology can

successfully transform solar and plastic waste into energy storage solutions.
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Chapter 1

1 Introduction

1.1 Background

The rapid growth of portable electronics, electric vehicles, and renewable energy systems
has intensified the demand for high-performance and cost-effective energy storage
technologies. Among these, lithium-ion batteries (LIBs) remain the dominant solution due
to their high energy density, stability, and broad applicability ) [1,2]. conventional battery
electrode production relies heavily on expensive industrial processes which increase
manufacturing costs and limit flexibilities. LI1Bs are composed of three main components:
an anode, a cathode, and an electrolyte. Graphite and other carbon-based materials are
commonly used as anodes because of their low cost and reliable electrochemical behaviour,

but their theoretical capacity is limited to 372 mAh g [3].

Silicon has emerged as a promising alternative to graphite, which offers natural abundance
and a high theoretical capacity of ~3579 mAh g' [4]. Despite these advantages, large-scale
implementation of silicon anodes is constrained by its low intrinsic conductivity and severe
volume expansion during cycling. These challenges necessitate innovative composite
architectures that can stabilize silicon, enhance conductivity, and withstand repeated

lithiation—delithiation.

Simultaneously, the rapid increase in end-of-life photovoltaic (PV) modules presents an
opportunity for sustainable material sourcing. Crystalline silicon (c-Si) PV panels
dominate global production and contain high-purity silicon that has already undergone
energy-intensive purification. Upcycling this silicon into battery anodes aligns with
circular-economy principles, reduces dependence on virgin materials, and lowers both

environmental and economic burdens associated with battery manufacturing.

Additive manufacturing, particularly stereolithography (SLA), creates new possibilities for
engineering advanced silicon—carbon architectures. SLA enables precise control over

geometry and material distribution. This overcomes many limitations of conventional
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slurry-based methods. Since SLA resins are electrically insulating, a subsequent pyrolysis
step should be employed to convert the printed structures into conductive, polymer-derived

ceramic composites.

To further reduce cost and improve accessibility, this thesis incorporates a fully open-
source hardware toolchain, including an open-source ball mill, bottle roller, and inert-gas
glove box, to process recycled PV silicon and prepare printable resins. Open-source tools
dramatically lower equipment costs, democratize battery research, and enable sustainable,

decentralized manufacturing.

By integrating recycled silicon, SLA 3D printing, and open-source toolchain, this thesis
establishes a sustainable and economically viable pathway for producing high-performance
silicon—carbon anodes. Studies of pyrolysis temperature and functional carbon additives,
including carbon derived from post-consumer plastic waste, advance both the scientific

understanding and practical implementation of circular-economy battery materials.

1.2 Research Objectives

The main objective of this research is to develop, characterize, and optimize a sustainable
manufacturing platform for silicon—carbon anodes using recycled photovoltaic silicon,
SLA 3D printing, and open-source hardware. The steps are illustrated in Figure 1-1.

The research aims to:

e Develop open-source hardware to process and prepare PV-derived silicon and resin

formulations in a low-cost and accessible way

e Formulate printable resin formulations by incorporating silicon extracted from

broken photovoltaic cells
¢ Investigate the electrochemical performance of the printed anodes.

e Investigate the influence of pyrolysis temperature on carbon structure, electrical

conductivity, and electrochemical performance



e Evaluate carbon enhancement strategies, including CNTs synthesized from plastic-
waste-derived hydrocarbons, to improve conductivity, mechanical integrity, and

cycling stability.
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Figure 1-1. Graphical abstract



1.3 Thesis Outline

This thesis is organized into six research Chapters (Chapters 2—7). Each Chapter builds on
the previous, to establish a comprehensive understanding of sustainable SLA-printed

silicon—carbon anodes derived from recycled materials.

1.3.1  Chapter 2 - Literature Review: 3D Printing Batteries

Chapter 2 provides a comprehensive review of additive manufacturing for batteries. This
Chapter establishes the technical and conceptual foundation for developing 3D-printed

batteries.

1.3.2  Chapter 3 - Open-Source Hardware for Sustainable Battery

Fabrication

Chapter 3 introduces the open-source toolchain developed and validated in this research,
including a solar-powered ball mill, scientific bottle roller, and inert-gas glove box. Each
tool is designed for low-cost material processing and safe handling of PV-derived silicon
and resin formulations. The contribution lies in enabling scalable, accessible, and

reproducible material fabrication outside traditional high-cost laboratories.

1.3.3  Chapter 4 - Recycling Silicon Photovoltaic Cells into Silicon
Anodes for Li-ion Batteries Using 3D Printing

Chapter 4 presents the first integration of recycled PV silicon into SLA-printable resins
and demonstrates the successful fabrication and electrochemical testing of 3D-printed
silicon—carbon anodes. This work establishes the baseline performance of recycled-silicon

anodes.



1.3.4  Chapter 5 - Effect of Pyrolysis Temperature on Silicon—

Carbon Composite Anodes

Chapter 5 systematically investigates the impact of pyrolysis temperature (800-1200 °C)
on the phase evolution, carbon structure, electrical conductivity, and cycling stability of
printed anodes. It identifies the temperature-dependent trade-offs between carbon ordering,

silicon retention, SiC formation, and electrochemical behaviour.

1.3.5 Chapter 6 - Upcycling Post-Consumer Plastic and Waste
Silicon Photovoltaic Cells into Carbon-Enhanced Silicon

Anodes for Li-ion Batteries Using 3D Printing

Chapter 6 expands the sustainability framework by incorporating CNTs synthesized from
plastic-waste-derived hydrocarbons. The Chapter evaluates their impact on electrical
conductivity, mechanical stability, activation behaviour, and cycling performance. It
demonstrates how PV silicon and plastic-derived CNTs waste upcycling can produce

anodes through a simple, low-cost, additive-manufacturing-based process.
1.3.6  Chapter 7 - Limitations, Future Directions, and Conclusions

Chapter 7 merges findings across all studies and outlines main limitations and future

research pathways.
1.4 Contribution of the Thesis

This thesis makes the following key contributions to sustainable energy-storage research:

e Development of the first open-source toolchain for low-cost, decentralized
processing of recycled photovoltaic silicon and resin-based battery materials
(including milling, mixing, glove-box for materials processing)

e Demonstration of the first SLA-printable photocurable resin formulation

containing PV-silicon and CNTs as solid load



e First demonstration and proof of concept of SLA-printed silicon—carbon anodes
fabricated from recycled photovoltaic silicon.

e Investigation of the effect of pyrolysis temperature (800-1200 °C) on electrical
conductivity, phase evolution, SiC suppression, and battery performance.

e Integration of CNTs synthesized from plastic-waste-derived hydrocarbons, and
providing the first dual-upcycling pathway (PV silicon + plastic waste) that

improves electrochemical performance.

Together, these contributions bridge materials science, additive manufacturing,
sustainability, and open-source engineering and provides a practical and environmentally

responsible pathway for advancing lithium-ion battery technology.



Chapter 2

2 Literature review

To stabilize the climate, large-scale transition is needed to non-carbon-emitting renewable
energy technologies like wind and solar energy. Although these renewable energy sources
are now lower cost than fossil fuels, their inherent intermittency makes them unable to
supply a constant load without storage. To address these challenges, rechargeable electric
batteries are currently the most promising option; however, their high capital costs limit
current deployment velocities. To both reduce the cost as well as improve performance, 3D
printing technology has emerged as a promising solution. This literature review provides
state-of-the-art enhancements of battery properties with 3D printing, including efficiency,
mechanical stability, energy and power density, customizability and sizing, production
process efficiency, material conservation, and environ-mental sustainability as well as the
progress in solid-state batteries. The principles, advantages, limitations, and recent
advancements associated with the most common types of 3D printing are reviewed
focusing on their contributions to the battery field. 3D printing battery components as well
as full batteries offer design flexibility, geometric freedom, and material flexibility, reduce
pack weight, minimize material waste, increase the range of applications, and have the
potential to reduce costs. As 3D printing technologies become more accessible, the

prospect of cost-effective production for customized batteries is extremely promising.
2.1 Introduction

Global climate change, caused by greenhouse gas emissions from conventional power
generation from coal, natural gas, and oil, contributing 18%, 40%, and 1% to global
electricity production in 2022, poses a concern [5]. This increases negative impacts on
human health [6-8], reduces agricultural productivity [9], and has economic [10-12]
consequences. One approach to eliminating the need for fossil fuel electric generation is to
replace it with renewable sources to address these challenges [13]. Among the array of
renewable energy (RE) options, wind, and solar energy are among the most important due

to their widespread availability and abundance [14]. Although these RE sources
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contributed approximately 11.88% to global energy production in 2022, predictions
indicate they could supply up to 50% of the world’s electricity demand by 2050 [15,16].
Nonetheless, the inherent intermittency and variability of wind and solar resources make
them unable to supply a constant load without storage [17-23]. To address these
challenges, various energy storage solutions have been explored, with rechargeable electric
batteries emerging as a highly promising option [24]. In addition, with the record growth
in electric vehicles (EVs), there is a potential for EV charging to add to stability with a
high penetration level RE grid [25]. One of the drawbacks of rechargeable electric batteries
is their high cost, and a crucial factor influencing battery production costs is the
manufacturing process [26]. In this context, 3D printing technology has emerged as a
promising solution to address cost concerns associated with battery production, offering a
layer-by-layer approach, which has already been shown to reduce costs for a wide array of
products including those used to conduct battery research such as an open-source ball mill
[27], open-source bottle roller [28], sample shaker [29], sample stirrer [30], and numerous
additional broader applications [31-33]. Utilizing 3D printing in battery fabrication
enhances performance, increases design flexibility, reduces pack weight, minimizes
material waste, and shortens production time, ultimately leading to cost reductions [31].
Recognizing the enormous potential significance of 3D printing in battery production, this
section provides a detailed review of the most promising 3D printing methods employed
in this context. First, to provide background, the types and geometries of batteries (See
Appendix A.2) will be summarized. Then, the literature review will focus on enhancing
battery properties with 3D printing, including efficiency, mechanical stability, energy and
power density, customizability and sizing, production process efficiency, material
conservation and environmental sustainability, and solid-state batteries (See Appendix
A.1). Finally, the principles, advantages, limitations, and recent advancements associated
with the most common types of 3D printing (direct ink writing (DIW), fused filament
fabrication (FFF), inkjet printing (1JP), and stereolithography (SLA)) will be reviewed,
focusing on their contributions to the field of energy storage. This work will be synthesized
and discussed, and conclusions will be drawn on the impact of 3D printing on the electric
battery technologies able to back up intermittent renewable energy for the future of a

sustainable electric system.



2.2 Background

2.2.1 Basic Geometries

Conventional production techniques such as coating operations [33] and screen printing
[34] have been extensively employed in the industry to fabricate batteries. These methods
offer scalability and reliability but often lack flexibility in design and customization. In
contrast, the emerging technologies of 3D printing offer design freedom [31], which leads
to customization for specific applications [35,36] and the fabrication of novel and complex
structures [37] that were not possible to manufacture through conventional methods and
improve the overall performance and efficiency of the batteries. Furthermore, while
conventional techniques may excel in terms of established processes and large-scale
production capabilities [38], 3D printing offers advantages in rapid prototyping [39] and

on-demand manufacturing [40,41].

The geometry of battery electrodes plays a key role in determining both battery application
and performance [31,42]. The two fundamental figures of merit for batteries are energy
density and power density. Increasing the energy density, however, can negatively impact
power density. This occurs due to the longer transport distance for ions within the battery
structure, ultimately impeding the rate of energy delivery [43]. Consequently, the
manipulation of battery geometry can create a balance between power density and energy
density. Battery geometries are shaped by their component architecture, including designs
such as thin film [44], 3D porous structure [45], and fiber designs [46]. As these component
architectures come together, they result in various battery cell configurations such as
sandwich, in-plane, concentric tube, and fiber arrangements. Among these, thin film
structures and porous frameworks (grids) stand out as the most common and important
forms [31].

2.2.1.1 Thin Film

The thin film structure is one of the most widely recognized configurations that is readily
available in the market and can be fabricated through conventional methods [47]. It is made

of rectangular electrodes stacked on top of each other; this can improve the performance
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through surface area [48]. This structure offers a notable advantage through reduced
resistance and a shorter Li+ diffusion length, contributing to an increase in power density
[49]. In contrast, the energy density within this configuration is comparatively lower than
in other structures. This arises from the limited active content that can be accommodated
in a thin film and further modifications are required to enhance the overall energy density
[50].

2.2.1.2 3D Porous Structure

The porous structure represents an innovative geometry that can be effectively fabricated
using techniques such as 3D printing, in contrast to traditional methods, which often
struggle to control intricate geometric structures. Creating pores in various scales in the
structure and increasing electrode thickness facilitate ion transport within the structure,
which is beneficial to balancing energy and power density. An additional advantage of this
design lies in its capacity for electrolyte penetration, enhancing the involvement of ions in
electrochemical reactions and improving the battery performance [51-60].

2.2.2  Impact of 3D Printing on Battery Performance

The advantages that 3D printing provides for battery fabrication include the ability to
achieve high-resolution designs [61], ensuring mechanical stability [62], optimizing energy
density and power density [62], customizing battery structures for specific applications
[63], accommodating a wide range of battery sizes [64], having the fabrication processes
with fewer steps and shorter production times [62], enabling rapid fabrication [65], the
ability to create all-solid-state batteries [66], and the ability to fabricate and prototype the
batteries with novel materials [61]. Moreover, 3D printing in the context of batteries

minimizes material wastage, which is beneficial for environmental sustainability [67].

2.2.2.1  High resolution and mechanical stability

The advent of 3D printing technology has revolutionized the precision and resolution of
battery designs, which directly affects the energy and power density and the overall battery
performance [68-73]. Furthermore, the ability to fabricate high-resolution geometries

through 3D printing results in enhanced mechanical stability [71]. Engineering designs at
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the microscopic scale make it possible to control the battery structure precisely, ensuring
enhanced mechanical performance. Battery properties, particularly during electrochemical
reactions when components undergo changes that can impact structural integrity, benefit
from mechanical stability [74]. With 3D printing advantages of high resolution, the risk of
electrode breakage and battery failure due to structural instability is eliminated, increasing

the overall reliability of the battery [75].

2.2.2.2 Energy density and power density

3D printing with the ability to control the design makes it possible to increase active
material loading inside the structure with less volume, which results in higher energy
density [76—78]. On the other hand, 3D printing’s ability to finely control the geometry of
battery components plays a critical role in elevating the energy transfer rate within the
structure, ultimately resulting in higher power density [79-81].

2.2.2.3 Customizability and size

One of the advantages of 3D printing is the design control, which leads to the
customizability of the structure. Furthermore, depending on the method and the device
resolution, the size can be controlled and the part can be fabricated in a wide range of scales
for the production of miniaturized batteries [35,36].

2.2.2.4  Efficient production process

In contrast to the conventional method, which consists of multiple steps including slurry
preparation, tape casting, material drying, calendaring, material cutting, assembly,
electrolyte filling, and final packaging, 3D printing offers notable efficiency. In the 3D
printing process, the steps include material preparation, part geometry design, 3D printing,
assembly, and optional electrolyte filling, depending on the chosen 3D printing method
[82-85]. One of the advantages of 3D printing in battery production is the potential
reduction in fabrication time, which is attributed to the straightforward process with fewer
steps. Nevertheless, it is crucial to note that the overall fabrication time depends on the

specific method employed and any post-treatment requirements [32].
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2.2.2.5 Minimized material wastage and environmental
sustainability

The computer-driven design and fabrication of batteries using 3D printing minimizes

material wastage [86], thus lowering production costs [87] and promoting environmental

sustainability [31].

2.2.2.6  Ability to fabricate all-solid-state batteries

Solid-state batteries, utilizing solid electrolytes instead of liquid counterparts, offer high
dimensional integrity, excellent mechanical properties, and enhanced safety [88]. 3D
printing, with its precision and design control, facilitates the engineering and fabrication of
solid-state electrolytes compatible with electrode configurations, which results in all-solid-
state batteries through which all the components can be printed on top of each other. This
approach eliminates the need for glove boxes, making production more cost-efficient and

environmentally friendly [89-92].

2.2.2.7 Ability to fabricate batteries with novel materials

One of the key advantages of 3D printing is its ability to fabricate battery components using
novel materials [93]. For instance, the performance of the metal-organic frameworks
(MOFs) with carboxyl functionalized channels, which have been proven as extraordinary
bi-functional materials usable in both lithium and zinc batteries [94], can be improved
further using 3D printing by controlling the design and structure (e.g., 3D printing provides
geometric design freedom) [95]. This unique ability enables researchers to explore cutting-
edge materials in battery architectures with high precision which not only facilitates rapid
prototyping but also opens up possibilities for developing next-generation energy storage
solutions that take advantage of the innovative materials [61].

2.2.3  Goals of Geometric Design for Batteries

Specific designs in batteries can solve many scientific or engineering issues and provide
the battery with the opportunity to improve the overall performance in specific
applications. The main purpose of controlling the design of batteries is to improve the most

important properties, including energy density, power density, cycle life, and safety.
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2.2.3.1 Energy density and power density

The design helps the user to fabricate the battery component based on the mechanical
configuration of the device which makes it possible to customize the shape and size of the
battery. With design freedom, batteries can be fabricated with complicated integration and
controlled distance between the components to receive the best properties of the battery.
The 3D-printed electrodes facilitate ion transfer, which results in high energy density and
high power density [31,96,97].

2.2.3.2 Cycle life and safety

The arrangement of electrodes and the distribution of active materials impact uniform
charge and discharge cycles, thus affecting cycle life [98]. Additionally, the geometry can
improve thermal management, preventing overheating and enhancing safety [99].
Moreover, proper separator and electrolyte design, as well as internal pressure management

mechanisms, contribute to safety and longevity [77,100].
2.3 Review

In recent years, 3D printing technology has emerged as a groundbreaking approach for the
fabrication of batteries, offering advantages in terms of design flexibility, customization,
and rapid prototyping. Various 3D printing methods with their unique characteristics and
potential applications have been explored for battery manufacturing. This literature review
aims to introduce four of the most promising 3D printing methods for battery fabrication:
direct ink writing (DIW), fused filament fabrication (FFF), inkjet printing (IJP), and
stereolithography (SLA) (Figure 2-1). First, the principles, advantages, and limitations will
be examined and then recent advancements associated with these techniques will be

discussed, revealing their contributions to the field of energy storage.
2.3.1  Direct Ink Writing

DIW is a 3D printing technique employed in battery fabrication, relying on the precise
extrusion of inks or pastes through a nozzle to create an integrated three-dimensional

structure. In DIW for battery manufacturing, the ink typically comprises active materials,
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conductive materials, binders, and solvents. The extrusion process is characterized by high
controllability governed by parameters such as pressure, speed, and nozzle size, allowing

for the precise positioning of materials [101-103].

One of its features is the resolution it offers over the creation of complex structures and
well-aligned lattice designs, which are advantageous for achieving high porosity and
facilitating ion transport in energy storage devices with the least material wastage. The
resolution of 3D structures printed using DIW is determined by factors such as nozzle
diameter, applied pressure, and ink characteristics, typically ranging from 1 to 250 pm
[101,103-105]. Furthermore, compared to other 3D printing methods, DIW can be a more
affordable choice, making it accessible to a broader range of applications. Moreover, this
method is known for its ease of fabrication and typically requires minimal or no post-
production treatment [106]. Another key advantage of DIW is the flexibility in material
selection, allowing for the use of a wide range of printing feedstocks including metals,
ceramics, polymers, and composites, which empowers the users to select materials that

align with the specific applications [103,107]. Moreover, this method has the advantage of
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printing multi-material structures through the use of multi-nozzle printers or by employing
a print—pause—print strategy and swapping syringes containing different materials [108—
112].

One of the challenges of DIW is the need for specific techniques to prepare desirable ink
formulations. The ink must exhibit viscoelastic and shear-thinning properties to resist
gravity-induced deformation and capillary forces during the printing process. The selection
of materials and their rheological properties directly influence the quality of the final
printed components, contributing to the time-consuming nature of the method [113].
Another limitation lies in the mechanical properties of DIW-fabricated structures. While
DIW has precision and customization, the resulting printed components may exhibit poor

mechanical properties compared to conventionally manufactured batteries [114].

2.3.1.1 Some examples of DIW of batteries

The study by He et al. focused on the multi-layer biscuit structure feature in the
development of a 3D graphite at graphite/silicon oxide (Gt@GS) electrode with high
loading using direct ink writing technology. They achieved a remarkable reversible
capacity of 3.52 mAh cm2 at 3.6 mA cm 2 after 120 cycles. Comparisons between Gt@GS
and GS electrodes revealed improved cycling performance and reversible capacity for
Gt@GS, with a discharge capacity of 9.28 mAh cm2 after 50 cycles. Cycling performance
analysis further demonstrated remarkable reversible capacities for Gt@GS even after 120
cycles, attributed to the dampening effect of Gt layers on Si volume expansion. EIS
analysis of 3D Gt@GS electrodes indicated reduced charge transfer resistance, which
indicates enhanced ion diffusion facilitated by the 3D structure. Additionally, optical
microscopy results highlighted significant thickness changes and cracks in grids of 3D GS
electrodes after the first discharge, whereas 3D Gt@GS electrodes exhibited minimal
thickness changes and deformation [115].

Li et al. used the advantages of DIW to develop a highly conductive reduced graphene
oxide (rGO) with Super-P (rGO-P) aerogel composite anode with a high resolution and
complex hierarchically porous structure. The optimized rGO-P aerogel electrode
demonstrated a superior initial discharge capacity of 848.4 mA h at 80 mA cm 2, a 14.9%
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improvement over traditional graphite electrodes with 61.8% capacity retention over 100
cycles. Additionally, the Coulombic efficiency was higher than 95% over 100 cycles. The
rGO structure after 3D printing exhibited integrated macroscale and microscale porous
structures with wrinkled sheets, which shows the precise control and design flexibility of
the parts made using 3D printing. These structures provide active sites for electrochemical
reactions. Furthermore, the rGO-P, with decreased oxygen content, left abundant defect
sites that can provide paths for vanadium ion transformation. Moreover, the rGO-P
composite has a significantly larger specific surface area which offers ample sites for
vanadium ions. Charge—discharge tests showed the superior performance of rGO-P
compared to conventional ones, which is attributed to enhanced conductivity, increased

reaction sites, and improved mass transfer facilitated by the porous structure [116].

In another study, Zhu et al. fabricated high-resolution metallic 3D Zn electrode structures
using DIW. These designs with submillimeter sizes exhibited low electrical resistivity and
high mechanical stability. Mechanical testing revealed that the strengths of 3D-printed Zn
lattices are comparable to those of Zn foams produced using conventional methods. The
results showed that the cell operated over 50 cycles at high discharge rates of 25 mA c¢cm™2
and achieved an average specific capacity of 214.85 mAh g~!, which was the highest
amount achieved compared to similar electrodes fabricated using other methods.
Moreover, capacity retention over 50 cycles was 108% and an average Coulombic
efficiency of approximately 87% was achieved. Furthermore, with a cumulative capacity
of 7.8 Ah cm™2 achieved at a high rate of 25 mA cm™2, this 3D Zn anode offers superior
performance compared to the conventional Ni-Zn anodes, which validates the practicality

of metallic 3D Zn electrode for high-density alkaline cells [117].

Liu et al. developed Li13Alo3Tie7(PO4)s (LATP) electrolyte for solid-state electrolytes in
lithium batteries using DIW with post-heat treatment to enhance ceramic density,
completing the formation of the final LATP solid-state electrolyte structures. They shaped
these materials into various forms. Microcracks were observed between layers in the 3D-
printed parts; this has a positive impact on ionic conductivity. Moreover, the sintering
temperatures influenced the grain size and densification of the samples. In this regard, 1050

°C resulted in a glass state due to lithium volatilization, which affects ionic conductivity.
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The final parts maintained a high ionic conductivity of 4.24 x 10 S cm™!, which is higher
than the ones prepared using other methods (2.05 x 10™*S cm™). Through this process, the
solid-state battery exhibited a high discharge capacity of 150 mAh g! at 0.5 C, along with
84% capacity retention with an average Coulombic efficiency of approximately 100% over
100 cycles [118].

Tao et al. employed DIW to fabricate high-capacity 3D-printed LiNio.sMng1C00.102
(NMC) cathodes. Through 3D printing, a crack-free network of NMC particles embedded
in conductive carbon black, which was homogeneously distributed within the electrodes,
was created. This alleviates binder migration issues and ensures improved electrochemical
kinetics and long-term cyclability in high-loading electrodes. The results also showed the
reduction in Warburg diffusion impedance which indicates enhanced Li* diffusion that was
facilitated by the shortened diffusion pathway. The specific discharge capacities for the 1%
and 800" cycles were measured at 178.6 and 107.5 mAh g, respectively, showing
capacity retention of 60.2% over the entire 800 cycles with an average Coulombic
efficiency of approximately 99.9% at a current density of 1 C. These results were superior
compared to those achieved using conventional methods, which were equal to 162.3 mAh
g ! in the 1st cycle and 88.3 mAh g, which showed a capacity retention of 54.4%, in the
800th cycle. Notably, the free space in the electrodes that were created through 3D printing
has the ability to buffer mechanical stress for long-term cyclability. As the results showed,
this innovative approach increased the contact area, shortened diffusion paths, and reduced
stress, leading to improvement in battery efficiency compared to conventional full cells
[119].

Li et al. used DIW to fabricate a square grid electrode structure for lithium-ion batteries.
The ink was prepared by combining LiFePOs (LFP), multi-walled carbon nanotubes
(MWCNTSs), and Polyvinylidene fluoride (PVDF) powder, forming a homogenized paste
with n-methyl-2-pyrrolidone (NMP) as a solvent. Through 3D printing, a cross-linked
network structure, which promoted the efficient transmission of electrons and ions, was
formed. This structure also contributed to the uniform formation of the solid electrolyte
interface (SEI) film and ensured good contact between the electrode and electrolyte.

Conversely, the samples prepared through coating lacked this network structure, which
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hindered particle connectivity. The electrochemical results demonstrated an initial
discharge capacity of 143.2 mA h g! at 0.5 C, aligning with the theoretical specific
capacity of 170 mA h g~!. Moreover, the specific charge and discharge capacities remained
stable, remaining at approximately 150 mA h g! even after 100 cycles at 0.5 C, showing
capacity retention of 105%. Furthermore, the Coulombic efficiency was around 99.9% over
500 cycles at 5 C [120].

Rasul et al. utilized DIW to embed highly aligned boron nitride (BN) nanosheets into PVVdF
polymer composite electrolytes (CPEs) with complex structures (Figure 2-2a). The
achieved ionic conductivity was 6.74 x 10 S cm™!. The initial charge capacity of the cells
prepared with CPE-BN was 156 mAh g~!, which was comparable to the theoretical capacity
of 165 mAh g!. The cell exhibited a consistent discharge capacity of 132 mAh g over
130 cycles at a 1 C rate (140 mA g 1) and a capacity retention of 90% after 250 cycles.
These results are attributed to enhanced dendritic lithium suppression, which is facilitated
by aligned BN nanosheets. Additionally, another advantage of the aligned BN is
minimizing hotspot formation, resulting in the thermal safety of the battery. The symmetric
redox peaks indicated reversible Li* ions intercalation and deintercalation which validated
successful Li* ion transport through the electrolytes. From a materials perspective, CPE-
BN inks were synthesized using 0.5 wt% silane-functionalized BN nanosheets that
enhanced mechanical, thermal, and electrochemical properties. The silane coupling agent
improved the polymer-BN interface, which led to superior thermal conductivity and
optimum ionic conductivity. Furthermore, the chain entanglement and molecular
interactions between BN nanosheets and the PVdF matrix improved the mechanical

properties of the electrolyte while maintaining ductility [121].

Liu et al. utilized DIW for fabricating a comb-like structure of SIO@C/graphite anode and
LFP cathode for lithium-ion batteries. The anode ink consisted of SiO/graphite, CNT, and
a binder with a weight ratio of 70:20:10 and a solid content of 40% to optimize viscosity.
The addition of CNT improved battery efficiency by enhancing the conductive network.
Notably, the printed parts exhibited wider line widths and thicknesses than intended due to
material expansion during printing. Viscosity analysis revealed shear-thinning behavior,

with the 40% solid content ink deemed optimal. The porosity was 60%, facilitating
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electrolyte infiltration. Results showed that smaller nozzle tips and increased mass loading
resulted in higher areal capacity. Additionally, cyclic voltammetry indicated lithium
reacting with SiO to form lithium silicate and Li>O, acting as a volume buffer. The
conventional electrodes initially boast a capacity of 517 mAh g~!, whereas the 3D printed
counterparts exhibit a slightly lower initial capacity of 485 mAh g !. SEM analysis
suggests that some Si particles within the structure do not actively engage in the reaction;
these are referred to as dead Li. Despite exhibiting lower initial capacity compared to
conventional electrodes, the 3D printed electrodes demonstrated a capacity retention of
68.2% after 80 cycles, with the initial Coulombic efficiency improving from 70% to 100%
after the first few cycles [122].

Rocha et al. 3D-printed reduced carbon-modified graphene (rCMG) as a self-standing
binder-free anode onto a 3D-printed copper current collector using Pluronic F127 polymer.
Pluronic F127, known for its thermoresponsive properties, forms a hydrogel when mixed
with water, which facilitates the incorporation of active components. The viscosity of the
ink can be controlled by temperature. The results demonstrated that rCMG-Pluronic F127
samples exhibited comparable elastic-brittle behavior and electrical conductivity (90 + 20
S m) to those produced with other rCMG-derived aerogels. Additionally, these samples
showed lower total impedance, indicating improved contact between the rCMG electrode
and the copper current collector, as well as enhanced electrolyte diffusion and penetration
into the electrode pores, which were facilitated by printing both components together.
Moreover, the electrochemical results showed that the device retained 80% capacitance
after 10,000 cycles at 15 A g 1. They showed the potential of multi-material printing in
energy applications, including lithium-ion batteries and supercapacitors [123].

Table 2-1 provides a summary and comparison of the electrochemical performance
achieved through the direct ink writing method for batteries. As evident from the results in
Table 2-1, this technique is versatile, which proves its applicability to enhancing battery
efficiency in the fabrication of different battery components, including anode, cathode, and
solid electrolytes. In Table 2-2, the fundamental materials employed for ink preparation,
alongside the viscosity range observed across various shear rates, are shown. As can be

seen, a conventional post-printing drying process is necessary to eliminate residual
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solvents. In some cases, such as [117], additional heat treatments are applied to the printed
component for further structural modifications. Figure 2-2b illustrates the capacity
retention of these cells. As can be seen, high-capacity retentions, even exceeding 100%,
can be achieved through the fabrication of battery components using this method. This is

promising for fabricating high-performance battery cells with a long cycle life.
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Table 2-1. Summary and comparison of electrochemical performance of DIW of

batteries.
Printed . Discharge | Coulombic | Cycle s
Component Electrochemical System Capacity Efficiency | Numbers Application |Ref.
Anolyte: 1.6 mol L' V3* +4 mol L™! H,SO,4
Catholyte: 1.6 mol L' VO?" + 4 mol L™! H,SOy )
Anode: rGO/Super- 848.4 mA hat| More than 100 Vanadium redox [116]
> o
P aerogel Membrane: Nafion 117 80 mA cm 95% flow battery
Cathode: NiOOH
Electrolyte (gel): Alkaline polyacrylate b " bl
. . 214.85 mAh g~ Rechargeable
Anode: metallic Zn 2, 87% 650 . S [217]
Separator: Celgard 5150 at25 mAcm alkaline batteries
) . . . . 150 mAh g ' at o All-solid-state
Electrolyte: LATP | Li/3D printed LATP CSSE/Li symmetric cell 05C 100% 100 lithium batteries [118]
Counter electrode: Lithium foil
Electrolyte: LFP in ethylene
carbonate:ethylmethyl carbonate (EC:EMC) | 1975 mAh g! o
Cathode: NMC (3:7 wt%) (Gen II) at a current 99.9% 800 th:hlum_-lon [119]
- atteries
density of 1 C
Separator: Celgard 2325
Counter electrode: Metal Li
Separator: Glass fiber
. 150 mMAhg'at 0 Lithium-ion
Cathode: LFP Electrolyte: 1 M LFP dissolved in a mixture of 05C 99.9% 100-500 batteries [120]
EC and dimethyl carbonate (DMC)
Cathode: LFP
Electrolyte: BN- 132 mAhg'at Lithium-Metal
PVDF Anode: Li metal 1C rate NIA 130 Batteries [121]
Anode:
SiO@C/graphite i i i
Electrolyte 1 M LFP dissolved in a mixture of 75mAh g at Lithium-ion
EC and DMC plus a 2% solution of 03C 100% 40 batteries [122]
Cathode: LFP fluoroethylene carbonate (FEC) ’
Anode:
rCMG/Pluronic Counter electrode: silver wire Lithium-ion
F127 Reference electrode: Ag/AgCl (3 M NaCl) .
batteries,
Current collector: Electrolyte: 1-ethyl-3-methylimidazolium NIA NIA 10,000 Supercanacitors [123]
Copper/Pluronic bis(trifluoromethylsulfonyl)imide percap
F127
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Ink viscosity: 5 x 10°-5 x 10* Pa-s viscosity at 5-10%s™'
shear rates

Printing layers: 3—
6 layers

sintering from 650 to
1050 °C

Ink Formulation Printing Fabrication Steps Design Ref.
Parameters
Printing height: 1.4
mm
Active material: GO aerogel, Super-P L .
Printing speed: 5 | Ink preparation, 3D
L ) . mm/s printing, freeze-drying at| .
Crosslinking agent: CaCl, solution —20 °C for 40 h, Layer-by-layer serpentine [116]
. path
K vi itv: 107-10° Pa-s vi . 107107 5! External diameter:
Ink viscosity: 10— a-s viscosity at -10°s 1.79 mm drying at 60 °C for 12 h
shear rates
Inner diameter:
1.24 mm
Active material: Zn powder
Binder: Poly(methyl methacrylate)-poly(acrylate)-
poly(methyl methacrylate) (PMMA-PA-PMMA) pellets
Ink preparation, 3D
Solvent: Tetrahydrofuran (THF) printing, drying at 80 °C
N/A for 2 h, annealing at 600 Honeycomb structure  |[117]
(2-butoxyethanol) and EGBE °C for 20 min
Ink viscosity: 10°~10° (30% of Zn), 10*~10' (55% of
Zn) and 10°-107 (70% of Zn) Pa-s viscosity at 10>-10?
s~! shear rates
Active material: LATP powder .
Nozzle inner Ink preparation, 3D
. diameter: ~330 pm| printing, freeze-drying
Solvent: DI water and IPA for 12 h at =50 °C, Random designs [118]

Active material: NMC, conductive carbon black
Binder: Polyvinylidene fluoride
Solvent: NMP

Ink viscosity: 5 x 10 Pa-s viscosity at 107" s™' shear
rates

Needle size: 210
pum

Printer bed
material:
aluminum foil

Layer height: 20
pm

Printing layers: 20
layers

Printing
temperature: 60 °C

Ink preparation, 3D
printing, drying at 100
°C

Layer-by-layer serpentine
path

[119]

Active material: LFP, MWCNT
Binder: PVDF powder

Solvent: NMP

Ink volume: 3 mL

Nozzle inner
diameter: 330 um

Extrusion pressure:

2.5-5 MPa

Ink preparation, 3D
printing, freeze-drying
for 12 h

Layer-by-layer serpentine
path

[120]
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IPrinting speed: 400
pms™!

Layer height:
0.15-0.25 mm

Active material: BN nanosheet, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and N-
Propyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyr13TFSI)

Printer bed
material: stainless
Steel or cathode
substrates

Ink storage
temperature: 120
°C

Nozzle pressure: 7

psi
Binder: PVDF powder Printing speed: 6 Ink preparation, 3D Disc shapes [121]
1 printing
mm s
Solvent: NMP
Printing
Ink viscosity: 10°~10 Pa-s viscosity at 107'~10? s™' shear| temperature: 120
rates °C
Ink thickness:
~250 pm
Printing
temperature: 120
°C
Active material: SiO@C/graphite and MWCNTs
Nozzle inner
Binder: styrene-butadiene rubber (SBR), carboxymethyl|diameter 260~610
cellulose (CMC) pm Ink preparation, 3D
printing, vacuum freeze-| ~ Comb-like designs  |[122]
Solvent: 1,4 dioxane and deionized water Printing drying for 12 h
temperature: below
Ink viscosity: 107-10* Pa-s viscosity at 107'-10? s~ —20°C
shear rates
Active material ink 1: Copper
Active material ink 2: CMG
Ink preparation, 3D | Layer-by-layer serpentine
Solvent: pluronic F127 N/A printing, freeze-drying | path for battery, One-leg [123]

Ink 1 viscosity: 10° Pa-s at 10 s™' shear rate

Ink 2 viscosity: 10° Pa-s at 10 s™' shear rate

for 48 h, heat treatment
at 900 °C for 1 h

and two-leg components

for supercapacitor
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1hon
L
>

Capacity reter

(a) (b)

Figure 2-2. (a) lllustration of DIW of aligned BN in electrolyte film.
Reprinted/adapted with permission from Ref [121] ; published by ACS, 2022, (b)
Capacity retention of the cells fabricated using DIW.

2.3.2 Fused Filament Fabrication

FFF is a widely adopted 3D printing technique, including in the field of battery
manufacturing. It is used widely by various manufacturers and open-source 3D printing
communities, representing the broader category of 3D printing technologies utilizing
melted filament deposition. On the other hand, fused filament modeling (FDM),
trademarked by Stratasys, is a proprietary 3D printing technology using FFF associated
only with Stratasys machines [124]. This process operates by melting a thermoplastic
filament in a heated nozzle. FFF was radically reduced in price and improved performance
due to the Open-source self-replicating rapid prototype (RepRap) project and is now the
most popular form of 3D printing [125-127]. Within the context of 3D-printed batteries,
FFF is employed to produce essential battery components including electrodes, solid state
electrolyte, and current collector. For this purpose, FFF offers the capability to integrate
conductive materials into the filament, creating conductive pathways within the battery
structure [128,129]. FFF is a widely adopted 3D printing technique, including in the field
of battery manufacturing. This process operates by melting a thermoplastic filament in a
heated nozzle. One of the advantage of FFF 3D printing is that unlike DIW that requires
specialized inks, it eliminates the need for ink preparation which simplifies the printing
process [36]. Furthermore, its ability to create complex battery designs with the resolution
of 50 to 200 um is a feature that enables the fabrication of battery components that may be

challenging to produce using conventional methods [36,130].
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FFF generates minimal waste during the printing process which is in alignment with
sustainable manufacturing practices [130] and is a mature distributed recycling technology
[131-134]. Additionally, the accessibility of FFF along with the user-friendly interface and
ease of operation, make it an economical choice for battery production [129,135]. In
addition to the low cost, FFF printers are capable of high production rates, suitable for both
prototyping and large-scale manufacturing of battery components [136]. Furthermore, FFF
is capable of printing multi-material, which enables its ability to print various battery
components on top of each other [137,138].

Despite the advantages, FFF of batteries presents its own drawbacks. One of the most
important challenges of FFF 3D printing is the material selection to formulate a suitable
filament which often leads to difficulties in filament fabrication [31]. The integration of
active and conductive particles, necessary to enhance electrochemical performance, can
diminish the overall printability of the filament which makes the production process more
complex [139]. Moreover, this incorporation can increase the viscosity of the filament
which results in the risk of nozzle clogging during the printing operation [140]. Beyond
these material-related issues, the printed part has weak mechanical properties in the z-
direction due to challenges in ensuring proper layer adhesion [32] and the inherent
anisotropy of the process [141]. Furthermore, the printing process can result in components

with lower surface quality [32,142].

2.3.2.1 Some examples of FFF of batteries

Beydaghi et al. utilized FFF to create 3D printed Si-based electrodes for Li-ion batteries.
They fabricated the PLA filament as the polymeric matrix along with carbon-based
conductive additives, and Si nanoparticles. The results showed that the Coulombic
efficiency progressively increased from 90% in the first cycle to 96% after 10 cycles which
remained stable up to 350 cycles. At the 350" cycle, the electrode exhibited a specific
capacity of 327 mA h g, coupled with capacity retention of 95% at the current density of
20 mA g'. The cycle stability is due to the flexible structure that preserves mechanical
integrity during Si lithiation/de-lithiation. Moreover, carbon-based additives flakes
contribute to a conductive porous framework which creates voids that aid electrolyte access

and accommodate volumetric expansion during lithiation and maintain electrical
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connections during de-lithiation. The resistance results showed that the reduction of the
PLA reduces the resistance and enhances electron/ion transport which emphasize the

importance of optimizing the ratio of the PLA and active/conductive components [143].

Maurel et al. developed a 3D printable graphite/PLA filament through optimizing the
graphite content of the filament along with the plasticizer for lithium-ion battery electrodes.
The solvent selection as well as the ratio of the active material, plasticizer and PLA ensure
the homogeneous integration of the composite and provide a balance between mechanical
properties and printability. Among compositions, the one with the highest amount of
conductive additives achieved the initial capacity of 93 mAh g~! which reached the highest
specific capacity of 200 mAh g (215% capacity retention) at the current density of 18.6
mA g (C/20) over 6 cycles. These results were comparable with the theoretical capacity
of the active materials. Additionally, 3D printing facilitated the fabrication of a 250 pum-
thick anode with remarkable reversible capacity which emphasizes the scalability and

adaptability of this approach in battery fabrication [130].

In another work, Maurel et al. produced PLA/LFP as positive electrode and PLA/SIO> as
the separator for Li-ion batteries (Figure 2-3a). The results showed that the melting
temperature of the PLA reduces by adding the active material which affects the printing
temperature. Notably, the amount of plasticizer has a positive effect on the solid load as
the results showed that the solid load should not exceed 50 vol% with PEGDMES00 as a
plasticizer and 30% without the plasticizer. The results when PLA/Graphite was used as
the negative electrode showed that the composition made of the 10% of the conductive
material had the highest specific capacity of 165 mAh g* at C/20 over 30 cycles (97%
capacity retention) close the theoretical capacity. Furthermore, the infill pattern in 3D
printing was set to 70% to enhance the liquid electrode uptake and prevent short circuits
caused by lithium dendrite propagation under adverse cycling conditions. Another
remarkable finding was that FFF of the entire battery in "one shot” was possible with this
technique, which can be further improved by employing a multi-nozzle 3D printing method
[144].
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Gao et al. improved Aqueous Rechargeable Zinc-lon Batteries by designing hierarchical
core-shell cathodes by integrating the FDM and atomic layer deposition (ALD). In their
work, the FFF printed porous carbon network provided an electron-conductive core and
ion diffusion channels, while VV20s deposited through the ALD served as an active shell.
The results showed that the porous structure of carbon frameworks facilitated the ion
diffusion while the amorphous V20s offers isotropic diffusion pathways and abundant
active sites. The high diffusion coefficient in the electrode was further studied through
galvanostatic intermittent titration technique (GITT), which exhibited high values,
indicating facilitated Zn?* diffusion comparable to conventional pairs. These
characteristics resulted in enhanced battery performance, with a specific capacity of 425
mAh gt at 0.3 Ag? and 233 mAh g ! at 3 A g! current density. The capacity at 3 A g™
current density reduces to 183 mAh g after 200 cycles and 133 mAh g after 800 cycles
showing 78.5% and 57.1% capacity retention, respectively. Additionally, the Coulombic
efficiency was around 99.9%. The results demonstrate that this method enables the

fabrication of binder-free and conductive-additive-free electrodes [145].

Foster et al. utilized a graphene/PLA filament with controllable graphene content, ranging
from 1 to 40 wt.% with the optimal load of 15-20% that showed sufficient conductivity as
well as mechanical stability. These filaments enabled the creation of 3D printed
freestanding anodes with sufficient conductivity and printability which led to the
elimination of the need for a copper current collector. The results showed that the initial
specific capacity was 500 mAh g~! which reaches to about 100 mAh g ! with the
Coulombic efficiency around 99.9% at 40 mA g ' over 200 cycles. Comparing the achieved
capacity with the theoretical capacity of graphite (375 mAh g) and graphene (744 mAh
g, it can be concluded that this capacity lies between these two values. It is clear that the
3D printed anode exhibits graphene-like electrochemical performance. One of the key steps
in achieving these results was the chemical treatment with NaOH, which improved the
amount of porosity in the samples, leading to enhanced electrolyte wetting and improved
battery performance [146].

Hu et al. produced TPU-LFP, TPU-LTO (Lithium titanate), TPU-Graphite, and TPU-NCM

filaments and printed high-performance cathodes and anodes via FDM (Figure 2-3c). The
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easy fabrication of these active filaments, with excellent homogeneity, stability, and
mechanical properties, highlight their potential for industrial-scale fabrication for 3D
printed lithium-ion batteries. The cells made with TPU-LFP cathode showed the initial
capacity of 114.1 mAh g with 99.12% capacity retention (113.1 mAh g*) with 99.75%
Coulombic efficiency after 200 cycles, and 98.9% capacity retention after 400 cycles.
Moreover, the cell made by the TPU-LTO anode showed 117.2% capacity retention
increasing from 102.4 to 120.0 mAh g with 100.39% Coulombic efficiency over 200
cycles, and 97.94% capacity retention with 99.04% Coulombic efficiency over 270 cycles.
Additionally, the full cell assembled by the TPU-LFP cathode and TPU-LTO anode
exhibited 97.1% capacity retention at the rate of 0.3 C and a Coulombic efficiency of 97.4%
after 50 cycles. The capacity retention in this work is higher compared to the similar ones
which is related to the well-integrated mesh structure with pores that facilitate sufficient
ionic transport. They also compared the results of the TPU-based electrodes with the PLA-
based ones from earlier works which revealed that the PLA-based electrodes exhibited
higher internal resistance, and collapsed sooner after cycling due to the weaker mechanical
flexibility of this filament which results in irreversible cracks. Consequently, TPU

demonstrated more promising results for long-cycling [147].

In another study, Maurel et al. developed a 3D-printable polyethylene oxide/lithium
bis(trifluoromethanesulfonyl)imide (PEO/LiTFSI) filament which was designed for use as
the electrolyte in lithium-ion batteries. The achieved ionic conductivity was 2.18 x 1073 S
cm ' at 90°C which shows the capability of FFF in fabricating solid-state electrolytes
usable in higher temperature. It is worth mentioning that EIS tests were conducted at three
different sample holders; lateral, sandwich and interdigitated-comb. Among them, lateral
sample holder exhibited the highest values of conductivity among them which can be
attributed to polymer chain orientation along the substrate. Furthermore, the reported
conductivity in an interdigitated-comb holder appeared to be lower compared to the
commonly employed sandwich holder. The advantage of the interdigitated-comb holder
lies in its ability to measure conductivity without requiring precise sample thickness which
minimizes potential measurement errors. Due to the poorer mechanical properties of the
PEO/LITFSI filament compared to the pure PEO ones, some modifications should be

made, including lowering the printing temperature, replacing the extruder with an open
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model for better filament visibility, adding Bondtech Drive Wheels for smoother filament
feeding, removing the heatsink to prevent filament buckling, and installing a larger
diameter nozzle for improved printing and good homogeneity in the achieved samples
(Figure 2-3b) [148].

Reyes et al. 3D printed a hybrid polymer electrolyte using PLA infused with a mixture of
EMC, propylene carbonate, and LiClOs. They used 3D-printed LTO along with graphene
nanoplatelets as the anode, and 3D-printed LMO along with MWCNTS as the cathode.
Two sets of experiments were conducted: in the first set, the individual components,
electrolyte, anode, and cathode, were printed separately and assembled into a full cell
battery. In the second set, the entire full cell was printed in one shot as a fully-printed
battery. These cells were then integrated into wearable electronic devices such as LCD
sunglasses and LED bangles. Initially, LiPFs and LiClO4 as infused salts in PLA were
compared. LiPFs showed higher ionic conductivity of 1.7 mS cm at 20°C, but it degraded
upon exposure to moisture and lost its conductivity. On the other hand, LiClIO4 maintained
its mechanical integrity and conductivity of 0.085 mS cm™ at 20°C after exposure to
ambient conditions for 24 hours. For the electrodes, graphene was chosen for the LTO
anode, while MWCNTSs were selected for the LMO cathode to create filaments with desired
conductivity and high capacity while maintaining printability. In this regard, the larger
LMO particles, as active material in the cathode, can provide more electrical contact points
with the MWCNT network. On the other hand, the smaller LTO particles interact better
with the graphene network. Moreover, the average discharge capacity of the fully
assembled reached 3.91 mAh cm2 at 20 mA g* with an average Coulombic efficiency of
over 88.5% after the first 50 cycles. A single-print battery had a lower capacity (1.16 mAh
cm™) compared to fully assembled batteries (3.91 mAh cm=), possibly due to an
incomplete infusion of components. Despite improvements in Coulombic efficiency, the
efficiency remained lower than conventional lithium-ion batteries, possibly due to

increased electrical resistivity of the printed electrodes [129].

In their work, Wolf et al. employed indirect 3D printing to fabricate Ti-based electrodes
for redox flow batteries with three different ordered unit cells, including the Kenics mixer,

the Ross Low-Pressure Drop mixer (RLPD), and the Sulzer mixer (SMX), and compared
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these designs to disordered 3D porous electrodes. The fabrication process involved 3D
printing of a high impact polystyrene (HIPS) mold, which was then filled with a paste
containing 79.4 wt% Ti, 9 wt% epoxy, and 11.6 wt% glycerol. Subsequently, excess
materials were removed, and the green body was sintered, and finally coated with graphite
to make them electrochemically active. Although the disordered structures had a larger
surface area, the results from the ordered 3D structures from this work were either similar
or better compared to the disordered structures. The flow rate results showed that the 3D
electrodes in this study minimized local concentration depletion which enabled higher
current densities by providing clear paths and reducing the formation of gaseous by-
products. Moreover, ordered 3D electrodes exhibited similar potentials with stable
operation for over 10 hours. Additionally, at an equal flow rate of 100 ml min?, the
pumping power for structured 3D electrodes was two orders of magnitude lower than for
the disordered electrode which was attributed to the structured design that creates clear

preferential flow paths, reduces pressure losses, and increases mass transport rates [149].

Table 2-3 provides a summary of examples of FFF printed battery components, including
anode, cathode, separator, and electrolyte which shows the potential of this method to
fabricate all-solid-state batteries. In Table 2-4, the key components for filament preparation
along with the printing temperature, fabrication steps, and design considerations are
outlined. Notably, the printing temperature is determined by the filament composition and
typically requires adjustment to be approximately 15 degrees higher than the melting
temperature of the filament composite [130]. Furthermore, 3D printing enables the creation
of customized shapes which offers significant benefits for real-world applications. Figure
2-3d illustrates the capacity retention of the FFF printed cells as a function of cycles. As
can be seen, the fabricated cells show high-capacity retention.
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Table 2-3. Summary and comparison of electrochemical performance for FFF of

batteries.
Printed component Electrochemical Discharge Capacity Coulombic | Cycle Application |Ref.
system efficiency | numbers
Counter electrode:
Anode: PLA/Si/graphene| ~ Metallic lithium 327 mA h g' at the current 96% 350 Lithium-lon |[143]
density of 20 mA g! Battery
Electrolyte: 1 M LPF in
DC and EC
Counter electrode:
Anode: PLA/Graphite Metallic lithium 1500 mAh gt at the current density N/A 5 Lithium-lon [[130]
of 18.6 mA g*(C/20) Battery
Electrolyte: 1 M LPF in
DC and EC
Cathode: PLA/LFP Counter electrode:
Metallic lithium 165 mAh ! at C/20 N/A ~30 Lithium-lon  |[144]
Separator: PLA/SIO, Battery
Electrolyte: 1 M LPF in
DC and EC
Electrolyte: 2 M ZnSO4
Cathode: Carbon/ V,05 | aqueous solution 183 mAh g'at 3 A g' current 99.99% 200 | Aqueous Zinc- [145]
density lon Batteries
Separator: Glass fiber
Counter electrode:
Anode: PLA/Graphene Metallic lithium 100 mAh glat40 mA g™ 99.9% 200 Lithium-lon |[146]
Battery
Electrolyte: 1 M LPF in
DC and EC
Electrolyte: 1 M LPF in
Cathode: TPU-LFP DC and EC 113.1 mAh g™ at the rate of 0.3 C|  99.75% 200 Lithium-lon  [147]
Battery
Separator: Celgard
3501
Electrolyte: 1 M LPF in
Anode: TPU-LTO DC and EC 120.0 mAh g ' at the rate of 0.3 C|  100.39% 200 Lithium-lon [[147]
Battery
Separator: Celgard
3501
Anode:
PLA/Graphene/LTO 3.91 mAh cm for assembled-cell]  88.5% 50 [129]
Cathode: Separator: and 1.16 mAh cm? for the single
PLA/MWCNTs/LMO Polypropylené disk print cell at 20 mA g* Lithium-lon
Battery
Electrolyte:
PLA/PC:EMC:LICIO,4
Anode: zinc plate
Cathode: Ti-based | Separator: Nafion 117 N/A N/A N/A Redox Flow {[149]

electrode

membrane

Battery
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Table 2-4. Key Parameters for FFF Process

Filament formulation Printing Parameters Fabrication steps Design Ref.
Filament diameter: 1.75
mm
Nozzle diameter: 0.4
mm
Active material: Carbon black,
ot . Nozzle temperature: . . . .
Silicon, Graphite-based powder 210°C Filament preparation using twin-screw . .
.o Circular disc [143]
extruder, 3D printing
Filament substrate: PLA Bed temperature: 60°C

Printing speed: 40 mm s’
1

Infill density: 100%

Z-Direction resolution:
0.25 mm

Active material: Graphite . .
Filament diameter: 1.75

mm
Plasticizer: PC, and poly(ethylene
glycol) dimethyl ether . . . . . .
Nozzle diameter: 0.4 Filament preparation, 3D printing Circular disc [130]
mm

Solvent: Dichloromethane (DCM)

. Nozzle temperature:
Filament substrate: PLA 150°C

Bed temperature: 60°C

Z-Direction resolution
(first layer): 0.20 mm

Active material Filament 1 (negative

electrode): Graphite Z-Direction resolution

(following layers): 0.05

mm
Active material Filament 2 (positive
electrode): LFP . .
Filament diameter: 1.75 Rand ed
mm Filament preparation, 3D printing an; orsnhaclgzgomlze [144]

Active material Filament 3

S tor): SiO,
(Separator): Si0, Nozzle diameter: 0.4

. mm
Solvent: Dichloromethane (DCM)

. Nozzle temperature:
Filament substrate: PLA 195°C

Bed temperature: 60°C

Nozzle temperature: L
3D printing of carbon filament, Oven

i . i 230°C
Fl!ament substrgte. Commercially drying at 50°C for 6 hours, Atomic Circular disc
available conductive carbon filament ..
layer deposition of V,0s
Bed temperature: 60°C

[145]

Filament diameter: 1.75
Active material: Graphene mm . . .

Filament preparation, 3D printing, Circular disc [146]
Chemical pretreatment

Filament substrate: PLA Nozzle temperature:
190°C
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Active material: LFP, conductive
additive Ketjen Black (KB)

Layer Height: 100 pm

Nozzle temperature:

Random customized

Solvent: Dimethylformamide (DMF) 260-350°C Filament preparation, 3D printing shapes [147]
Filament substrate: TPU Bed temperature: 50°C
Active material: LTO, KB Nozzle temperature:
260-300°C )
Solvent: Dimethylformamide (DMF) Filament preparation, 3D printing Randor:h:uztsomlzed [147]
Bed temperature: 50°C P
Filament substrate: TPU
Active material filament 1: LTO, Layer Helght: 100 pm
Filament diameter: 1.75
graphene mm
Active material filament 2: LMO,
MWCNT. Nozzle temperature: . .
Act W lfls 3 210°C customized designed
ctive material filament 3. - 500 Filament preparation, 3D printin LCD sunglasses and [[129
PLA/PC:EMC-LICIO; Bed temperature: 50°C prep p g bar?gles [129]
. . Printing speed: 20-40
Filament substrate: PLA mm st
3D printing of mold, Electrode filling, Kenics mixer unit cell
Filament substrate: HIPS N/A curing at 40 for 3 h, sintering at 1000°C ' [149]

for 90 min

RLPD, SMX
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Figure 2-3. (a) “one shot” FFF of battery [144], (b) required modifications for
printing customized PEO/LITFSI filament [148], (c) illustration of FFF of TPU-

based electrodes. Reproduced from Hu et al. (2023) with permission from Wiley
[147], (d) Capacity retention of the cells fabricated by FFF.

2.3.3  Hybrid energy storage system design for mobile

This method operates by selectively depositing small droplets of specialized inks onto a
substrate in a layer-by-layer process. The ink contains essential materials for battery
components, such as electrodes, electrolytes, and current collectors, finely dispersed within
a liquid carrier. After each layer is printed, it may undergo processes like drying or curing

before the printer proceeds to deposit the subsequent layer [32,150].

IJP offers numerous advantages in battery fabrication. By depositing precise amounts of
the ink only where needed to eliminate waste, 1JP ensures that the materials are utilized
efficiently which results in minimizing environmental impact and cost [151,152]. Another
advantage is its lower viscosity requirement compared to DIW. This characteristic
simplifies the formulation and handling of printable inks which makes the IJP practical and
adaptable for a wide range of materials and applications [150]. This method is also capable
of multi-material deposition which provides the controlled deposition of active materials
of battery components [153]. Moreover, the affordability of IJP equipment along with the
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ease of use make this technique an accessible choice for the battery manufacturing process
[138].

Despite the advantages, a uniform printed structure through IJP can be challenging and to
maintain both battery performance and structural integrity, fine features and adhesion
layers precisely is required [150]. Furthermore, while IJP requires lower ink viscosity than
DIW, the properties of the ink, such as viscosity and density, need to be optimized to meet
the standards. This optimization is essential to avoid issues including the ink agglomeration
and the nozzle clogging [151].

2.3.3.1 Some examples of IJP of batteries

Lawes et al. utilized I1JP for efficient and cost-effective fabrication of silicon anodes using
Si nanoparticles and PEDOT:PSS as a conductive binder. Their work demonstrated the
significance of selecting a binder for inkjet printing, as it revealed that binders such as PVP
and CMC exhibit rapid capacity decay or low initial capacities due to poor reversibility
and electron conduction. On the other hand, anodes made by PEDOT:PSS binder achieved
remarkable cycling performance. The SEM results supported this by showing a continuous
polymer network maintained during lithiation and delithiation which ensures intimate
contact with Si nanoparticles. The initial capacity was measured 3800 mAh g in the first
cycle which reduced to 2700 in the following cycles. Moreover, the achieved capacity was
more than 1700 mAh g™! at 0.1 C showing the capacity retention of 63% over 100 cycles.
The Coulombic efficiency starts from 31% and 75% in the first two cycles and increases
to 98.6% for the remaining cycles. The electrical conductivity of PEDOT:PSS and
reversible deformation properties formed a continuous conductive network, ensuring rapid
electron transfer and accommodating SiNP volume changes during charge and discharge
[155].

Chen et al. utilized 1JP to fabricate a dendrite-free Zn anode with Ag nanoparticles for Zn
metal batteries. They inkjet-printed Ag nanoparticles-modified carbon cloth (AgNPs@CC)
which reduces nucleation overpotential compared to bare CC and promotes uniform Zn
nucleation. Notably, the increased surface wettability of AgNPs@CC compared to CC
indicated improved Zn-ion migration potential of the printed part. Another finding was that
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AgNPs on CC surfaces ensure uniform electric field distribution which controls the Zn
deposition morphology and reduces dendrite growth and side reactions during cycling. This
result highlights AgNPs crucial role in modulating Zn nucleation and deposition.
Furthermore, AgNPs enhance thermal conductivity which ensure uniform temperature
distribution and suppress dendrite formation during fast charging and discharging
processes. This resulted in the initial discharge capacity of 255 mAh g at 5 A g™* reaching
184 mAh gt after 1200 cycles with only 0.023% capacity fade rate in each cycle with the
Coulombic efficiency of about 99.5% within 800 cycles. Nonetheless, as reported in this
work, the similar anode fabricated without inkjet-printed Ag nanoparticles exhibited a

capacity retention rate of 42.9% after 700 cycles [156].

Kushwaha et al. utilized 1JP to deposit graphene inks made from graphene nanosheets in
ethanol solvent and ethyl-cellulose stabilizer onto different substrate including Cu foil
(Figure 2-4a). The print was followed by annealing to achieve conductivity and porosity.
Based on the Raman spectroscopy results, the printed samples after pyrolysis showed
increased ordering, which improves electrical conductivity and lithium-ion storage
kinetics. Notably, cyclic voltammetry revealed that lithium intercalation and
deintercalation which is controlled by diffusion, occur at lower potential scan rates, while
at higher potentials both Li-intercalation/deintercalation and surface charge storage occur.
This indicates significant contributions from both surface and bulk charge storage
processes. This phenomenon is attributed to the well-ordered structure of the annealed
graphene film. Moreover, SEM and TEM analysis showed a porous structure with
interconnected nanoflakes, which also contribute to enhanced electrical conductivity and
faster Li-ion insertion and removal. The reversible capacity was about 520 mAh g* with
capacity retention of about 87% after 100 cycles at 2C which is a high current density.
Furthermore, the initial Coulombic efficiency was 95% reaching to more than 99% over
100 cycles. Another important parameter was the dimensions of the graphene, which had
a thickness of about 3 nm and lateral dimensions of 2-3 nm. These dimensions make the
ink suitable for preventing nozzle clogging during printing due to its small size relative to

the nozzle diameter [157].
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In their other work, Kushwaha et al. used 1JP to deposit a graphene layer onto an Al current
collector foil, addressing corrosion issues in cathode current collector. This work
significantly suppresses corrosion which leads to better electrical connectivity.
Furthermore, they showed that the number of printing layers with subsequent annealing in
an Ar atmosphere at 350°C was crucial for achieving uniformity and enhancing the
electrical conductivity. The results showed about 180 mAh g initial capacity at C/5 with
~90% capacity retention. The comparable or superior cyclic stability of the inkjet-printing
of graphene on Al current collector compared to other coating methods offered practical
advantages in terms of cost-effectiveness, scalability, and tunability [158].

Viviani et al. investigated the impact of carbon-based additives, such as carbon black (CB)
and multi-walled carbon nanotubes (CNT), on the electrochemical performance of inkjet-
printed thin-film LTO electrodes in lithium-ion batteries. Between the carbon-based
additives, despite slightly larger particle dimensions of the CNT, the LTO-CNT electrodes
showed an optimal compromise between CNT length and conductivity properties. Notably,
its impedance increase upon cycling was less compared to LTO-CB which suggests a more
stable and homogeneous SEI formation As the results, LTO-CNT electrodes achieved the
highest specific capacity, reaching 128 mAh g™! at 0.5 C, and exhibited excellent cycle
stability with negligible capacity loss (100% capacity retention) and the average

Coulombic efficiency of 100% over 100 cycles [159].

Kolchanov et al. utilized inkjet printing to fabricate thin-film Li-ion batteries through the
optimization of Li12Mnos4Nio13C001302 (LMR) cathode. It was found that printing
resolution significantly influenced the printing quality and duration which enabled quality
enhancement and process time reduction along with drop spacing optimization.
Additionally, adjusting the number of deposited layers improved cathode weight and
eliminated local printing imperfections. Moreover, the thickness measurements indicated
a decrease in the film growth rate with increased layer deposition which was attributed to
void filling and ink spreading. Notably, the ordered layered structure of LMR with minimal
intrinsic stress facilitated lithium-ion intercalation and deintercalation. The study
demonstrated comparable discharge capacities 240 mAh g' between inkjet and

conventional methods at 0.01 C rate with 68.7% capacity retention over 70 cycles. It is
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worth mentioning that the specific energy values of inkjet-printed active layers were
comparable to those of high energy density lithium cell cathode layers used in smartphone

which suggests their potential suitability for similar applications [160].

Figure 2-4b illustrates the capacity retention of the 1JP printed cells. As can be seen,
AgNPs@CC anode fabricated by this method shows high capacity retention of 100% over
1200 cycles which is noticeable and indicates the high electrochemical performance of the

cell.

Ethyl cellubose

&

~

Bl

Capacity retention
[

(b)

Figure 2-4. (a) Hlustration of the 1JP process for fabricating a graphene thin-film
electrode [157], (b) Capacity retention of the cells fabricated by 1JP.

The examples shown Table 2-5 represent the effectiveness of 1JP to improve the battery

performance through the fabrication of different battery components.

In Table 2-6, the foundational materials utilized in I1JP are shown. Notably, similar to DIW,
a post-printing drying process is essential to remove any residual solvent, ensuring the
integrity of the printed structure and reducing the effect of the non-conductive and non-
active components, which have negative effects on battery performance. Moreover, the
majority of the samples fabricated through 1JP are in thin film designs, which, along with

the higher power density in battery performance as mentioned earlier.
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Table 2-5. Summary and comparison of electrochemical performance for 1JP of

batteries.
. . Discharge | Coulombic Cycle s
Printed component Electrochemical system Capacity efficiency | numbers Application  |Ref.
Counter electrode: Metallic lithium
4 T
Anode: SIIPEDOT:PSS{Electrolyte: 1 M LPF in DEC and EC, and|' ’(‘;’i‘g 9  986% 100 L'g;‘;t”; lon 1155
ethyl methyl carbonate (EC:DEC:EMC) ) v
Counter electrode: Zn foil
Electrolyte: 1m Zn(CF;S0s), aqueous
solution 184 mAh glat 1200 & | Heat-Resistant
. 0,
Anode: AGNPs@CC 5A¢g? 99.5% 800 Zinc Batteries [156]
Separator: Glass fiber
Counter electrode: Li metal foil
d " Electrolyte: 1 LPF in EC and EMC hot h
Anode: Graphene onto 520 mAh gat Lithium-lon
> 99% 100 [157]
Cu foil substrate Separator: Glass microfiber filter paper 2C Battery
Current collector: Cathode: LiNi/3Mn;/3C04/30; (Li- |180 mAh grat N/A 100 Lithium-lon [158]
graphene coated Al NMC111) C/5 Battery
Counter electrode: Li metal foil
Electrolyte: 50 ul of 1 M LPF in EC:DEC » L
Anode: LTO 12;’8@‘*‘8 100% 100 "'tg;‘:t’g"o” [159]
Separator: Celgard 2400 ' y
Counter electrode: Li metal foil
Electrolyte: 1 M LPF
Cathode: LMR at0.01C NIA 70 Microbatteries [160]
Separator: Celgard 2325
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Ink formulation Printer Fabrication steps Design Ref.
parameters
Active material: SiNPs Printing
carbon black temperature:
Binder: PEDOT:PSS, Polyvynilpirrolidone (PVP), CMC Ambient Ink preparation, 3D printing,
Solvent: DI-water Drying at vacuum oven at N/A [155]

Ink viscosity: 10 mPa.s

Number of printed
layers: 25

60°C overnight

Active material: Conductive silver
Solvent: Triethylene glycol monethyl ether

Ink viscosity: 9~11 cPa.s

Printhead
Diameter: 60 pm

Droplet Diameter:

Ink preparation, 3D printing,

Annealing at 180°C for 1 h

Layer-by-layer
serpentine path

[156]

45-55 ym
Printhead
Diameter: 80 um
Droplet
Diameter: 90-110
pm
Active material: Graphene nanosheets Printing Speed:
Binder: Ethyl-cellulose 50 mm |Ink preparation, 3D printing,
sl Annealing at 350°C for 1 h Thin film  [157]
Solvent and solution: Ethanol and terpineol (anhydrous), NaCl|  Printhead and 30 min
temperature:
30°C
Substrate
temperature: 60°C
Droplet volume:
110 pL
Droplet Step Size:
Active material: Graphene nanosheets 100 pum
Binder: Ethyl cellulose Printhead  |Ink preparation, 3D printing,
temperature: | Annealing at 350°C for 1 h | Thin film  |[158]
Solvent: ethanol/terpineol 30°C and 30 min
Substrate
temperature: 60°C
Active material: LisTisO12 powder, carbon-based
conductive agent (CB and CNT), 1 mM lithium dodecyl .
o . Printhead
sulfate (LDS), lithium polyacrylate (Li-PAA) D o
Binder: PVP iameter: ~30 um - con 30 orin
. nk preparation, 3D printing, -
Ethylene glycols((])iléjn;—propanol (IPA) Printhead Drying at 80°C for 3 h i
’ Resolution: 600 dpi
Ink viscosity: 2.5 to 3 cPa.s viscosity at 10 to 10* s™ shear rates|
Active material: LMR, Carbon Black Droplet volume:
Binder: PVDF ’
10 pL _ -
Solvent: NMP Ink preparation, 3D printing,
Oven drying at 200°C for 2 | Thin film  [[160]
Substrate h

Ink viscosity: 3 to 20 cPa.s viscosity at 25 to 34 mN m™!

temperature: 45°C

surface tension




41

2.3.4  Stereolithography

SLA, a prominent light-assisted 3D printing technology, operates by employing a light
source to solidify a polymer resin selectively layer by layer. The versatility and precision
offered by SLA make it a valuable tool in various industries, with notable applications

emerging within the energy storage systems [32,161,162].

One of the advantages of SLA is its high resolution, which can reach up to 0.5 micrometers
which makes it a well-suited for applications demanding complex geometries
[31,73,163,164]. Additionally, SLA is nozzle-free, setting it apart from some other 3D
printing methods. This feature eliminates the risk of nozzle clogs or filament feed issues
which makes the printing process more reliable and uninterrupted [31,72,165].
Furthermore, objects produced through SLA generally exhibit smooth and highly detailed
surface finishes [71,166]. The technique also excels in layer bonding due to its chemical
curing process, resulting in strong layer-to-layer adhesion. This attributes to high

mechanical strength, structural integrity, and durability of printed objects [167].

The preparation of printable resins containing the right blend of active materials,
photoinitiators, and monomers can be a complex process [31]. Flowability of the resin is
another crucial consideration. If the flowability is not properly balanced, it can hinder the
printing process and result in suboptimal print quality [31]. Additionally, the refractive
index of the resin is of great importance. An unsuitable refractive index can cause UV light
to scatter within the resin, which can result in defects, incomplete curing, compromised
mechanical properties, and a lack of printing accuracy [31,161,168]. An unsuitable
refractive index can cause UV light to scatter within the resin, which can result in defects,
incomplete curing, compromised mechanical properties, and a lack of printing accuracy
[31,161,168]. SLA 3D printing system tends to be relatively expensive high cost for
industrial applications too [72]. The price per printed object, especially for simpler designs
or smaller projects, might be comparable to those from other 3D printing methods. The
overall affordability of SLA technology may vary depending on factors such as the
complexity of the printed objects and the specific requirements of the application.
Furthermore, post-processing requirements are often necessary for SLA prints. These post-
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processing steps, such as excess resin cleaning, can be time-consuming and may influence

the final accuracy and surface finish of printed objects [32].

2.3.4.1 Some examples of SLA of batteries

He et al. developed a solid polymer electrolyte (SPE) containing lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) for all-solid-state lithium metal batteries
using SLA. The printed structure exhibited high ionic conductivity of 3.7 x 10# S cm™.
At various charge rates, the discharge capacity decreased due to polarization; however, the
3D structure consistently outperformed other structures. Notably, the 3D structure
exhibited an initial specific capacity of 166 mAh gt at 0.1 C with higher capacity retention
(78%) after 250 cycles compared to other structures (19%), and maintained a Coulombic
efficiency of approximately 100%. The obtained 3D-SPE replicated contained spiral walls
with dimensions of 100 pm width, 150 um height, and 200 um spacing on a planar substrate
of 100 um thickness. This design ensured perfect adherence of the cathode to the electrolyte
and enabled large-scale printing for practical applications. Further analysis revealed that
the addition of succinonitrile (SCN) in the polymer resin weakened the mechanical strength
of the electrolyte, resulting in decreased conductivity. The charge-discharge cycle
demonstrated stability for at least 600 hours without interruption. Moreover, the 3D
structure exhibited lower impedance compared to other structures which leads to improved

cycling performance [89].

Chen et al. utilized SLA to fabricate poly (ethylene glycol) (PEG)-base gel polymer
electrolyte containing LiClOs salt. The cell was made by a 3D printed solid electrolyte
flown by LTO and LFP as electrodes. It was shown that the incorporation of solvated
lithium salt into the polymer matrix facilitates lithium ion transportation, particularly
within the amorphous regions which led to improved mobility of polymer chains and higher
ionic conductivity. The results indicated that the electrolyte can deliver high ionic
conductivity of 4.8 x 1073 S cm* with delivered the discharge capacity of 1.4 pAh cm™
over 2 cycles at 5 HA current which showed the favorable interaction between the active
material and the gel polymer electrolyte. It should be considered that cycling with a higher
current (C/5) showed gradual capacity decline over cycles which led to failure by the 10,

It is likely due to lithium dendrite growth which causes short circuits. Some optimizations
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include adding SiO- to the electrolyte to suppress dendrites or applying a PEG-based
materials on the separator for enhanced mechanical strength improve the cycling

performance [166].

Norjely et al. employed SLA to fabricate a polyurethane acrylate (PUA)-based gel polymer
electrolyte containing lithium perchlorate (LiClO4) for solid-state lithium-ion batteries.
The results showed the amorphous phase of the printed parts which enhanced the ionic
conductivity by facilitating quicker segmental motion and bond rotations. Additionally, the
higher concentration of LiCIO4 can alter the surface morphology from smooth to textured
which results to enhancing the Li* transportation and higher ionic conductivity. The ionic
conductivity of the printed solid electrolyte with 10 wt% of LiClO4 was high equal to 1.24
x 107 S cm™! showing the method promising in the fabrication of the solid-state lithium
ion batteries. It should be considered that beyond 10 wt.% LiClO4 recrystallization or
agglomeration occur which reduce free ions and diminish ionic conductivity due to

possible ion pair formation and Coulomb attraction-induced neutralization [170].

Zekoll et al. used SLA to create 3D templates from structured ceramic-polymer solid
electrolytes made by Li1.4Alo4Ge1e (POs)3 (LAGP). These electrolytes were composed of
a 3D ceramic scaffold with the channels filled by non-conducting polymers including
polypropylene or epoxy polymer followed by polymerization which resulted in polymer-
filled channels within the ceramic scaffold. The high ionic conductivity of 1.6 x 107 S
cm™! along with the high mechanical stability were achieved. The consistent density
throughout the structure which is achievable with designs such as the cube and diamond,
is crucial for maintaining conductivity while minimizing the impact of non-conductive
materials. These designs exhibited preferential fracture paths, which are beneficial for
mechanical integrity [90].

Lee et al. employed DLP printing for making high conductivity poly(ethylene oxide) (PEO)
SPE. The structure composed of a crosslinked polymer matrix which contained
nanochannels filled with ionic liquid which exhibited high mechanical strength and an
ionic conductivity of 3 x 10 S cm™!. The results showed that increasing the volume

fracture of the conductive component improves the ionic conductivity without sacrificing
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the mechanical strength. These structures are beneficial to use these SPEs in customized

applications with complex shapes [171].

Katsuyama et al. utilized SLA 3D printing and pyrolysis to fabricate hard carbon
microlattices with three different unit cell length (x) and beam width (y) as a free-standing
anode for sodium ion batteries. They measured the amount of shrinkage about 70% in X
and 75% in y (Figure 2-5a). Charge-discharge profiles of samples with different sizes
related to the beam width, where smaller samples corresponded to finer beams, revealed
that finer structures exhibited higher capacity, reduced overpotential, and improved rate
performance. Notably, the smallest sample exhibited the best behavior. Furthermore, areal
capacity decreased with increasing charging rate, with degradation proportional to feature
size. The galvanostatic intermittent titration technique (GITT) demonstrated that smaller
beam widths led to decreased overpotential and variation in voltage. Additionally, XRD
results from the samples after the pyrolysis indicated Low crystallinity due to the formation
of hard carbon. Moreover, an interlayer distance of 3.79 A was observed which was larger
than perfect graphite (3.35 A) and results in increased ion storage capacity. As the result,
the highest specific capacity which was related to the sample with the finer beam was 225
mAh g at 5 mA g! with the Coulombic efficiency of 80% in the initial cycle to 99.4%

over the 2nd cycle. The capacity retention was measured about 80% over 100 cycles [172].

Ye et al. employed a DLP printer to fabricate a Si/PEDOT:PSS/PEG electrode with a Si
content of 31.7 wt% for lithium-ion batteries to maximize energy storage while minimizing
battery weight. PEDOT:PSS served as the conductive component, ensuring structural
integrity and flexibility of the printed part. Battery performance demonstrated promise for
silicon-based anodes, with an improved Coulombic efficiency of up to 86.3% after 125
cycles and an initial discharge capacity of 1539 mAh g. The reversible capacity reached
1105 mAh gt with 72% retention at 800 mA g~ current density, attributed to tolerance to
mechanical stress. Despite conventional Si exhibiting high initial charge/discharge
capacity (2560 mAh g with 81.3% Coulombic efficiency, 3D printed samples showed
enhanced charge/discharge behavior compared to conventional Si electrodes. It is
noteworthy that the photograph from the printed parts illustrated the decreased
transparency of the PEDOT:PSS/PEG by adding silicon which impacts the printability with
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high silicon load. Furthermore, viscosity analysis revealed increased viscosity with Si
addition, limiting the amount of loaded silicon. SEM images depicted embedded and
encapsulated Si primarily on the surface within a honeycomb design which provides more
micropores and channel structures for Li ions diffusion. EIS analysis indicated lower
charge transfer resistance for SiI/PEDOT:PSS/PEG electrodes compared to the

conventional Si electrodes which suggests improved electrochemical performance [173].

Table 2-7 shows that until now, much of the research conducted on SLA printing of
batteries focused on gel-based/solid electrolyte. Table 2-8 presents the parameters and
processes associated with SLA printing. In this method, the presence of the active material
and photoinitiator is important for printing battery components when the goal is to directly
fabricate them through 3D printing. Figure 2-5b illustrates the capacity retention of the
cells assembled by the SLA printed battery component.
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Table 2-7. Summary and comparison of electrochemical performance for SLA of

batteries.
Printed component Electrochemical Dlscha_rge Coglqmblc Cycle Other_ Application Ref.
system Capacity | efficiency [numbers| properties
Anode: Li metal foil
166 mAh g* lonic
. H 0, SVH . H H -
Electrolyte: LiTFSI Cathode: LEP at01C 100% 250 conducﬁlwty. i.? Lithium-lon Battery |[89]
x 10" Scm
Anode: LTO oni
onic
Electrolyte: PEG-base 1.4 uAh cm’? S T
gel polymer Cathode: LEP at5 pA N/A 2 condu<3§|V|ty. f11.8 Lithium-lon Battery [[169]
x 10~ Scm
lonic
Electrolyte: PUA-base Stainless steel conductivity: I
gel polymer electrodes N/A N/A N/A 124 % 102 S Lithium-lon Battery |[170]
cm
Electrolyte: LAGP lonic
rolyte. Lithium electrodes N/A N/A N/A  |conductivity: 1.6| Lithium-lon Battery |[90]
solid electrolyte 4 o
x10*Scm
. . Lithium battery systems
. . s |Activated carbon-based lonic ; !
Electrolyte: PEO solid electrodes coated on N/A N/A N/A | conductivity: 3 PhOtOVOIta'C cells, [171]
electrolyte . 4 | Supercapacitors, Fuel
stainless steel x10™*Scm cells
Counter electrode:
sodium metal foil
Electrolyte: 1.0 m
Anode: hard carbon NaPFsinPC 1505 mah gt . , .
microlattices at5mAg ! 99.4% 2 N/A Sodium lon Batteries [[172]
Separator: Glass fiber
filter
Counter electrode: Li
metal foil
Electrolyte: LPF
Anode: with 5% FEC 1 9 ithium-
SI/PEDOT:PSS/PEG o at 8;)701 mA 86.3% 125 N/A Lithium-lon Battery [[173]
Separator: Celgard
2400
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375 nm

Resin formulation Printer Fabrication steps Design Ref.
parameters
Active component: Lithium
bis(trifluoromethanesulfonyl)imide Light
(LiTESI) wavelength:
Polymer resin: Poly(ethyleneglycol) 355 nm Resin preparation, 3D printing, Drying in a )
diacrylate(PEGDA), SCN vacuum oven at 25°C for 2h, Further drying B‘SDi-QIrZ?rILT';Sﬁ;n [89]
Power density: under Ar gas for 48 h P
Photoinitiator: Phenylbis(2,4,6- 10 Wcm™?
trimethylbenzoyl)phosphine oxide
Printer
Active material: 1 M LiClO, reslo éu?;)n:
Polymer resin: PEGDA La“ c
Photoinitiator: Phenylbis(2,4,6- -aye .
trimethylbenzoyl)phosphine oxide Thickness: i ; inti ;
y yl)phosp 30pm Resin preparation, 3D printing Zigzag shape [169]
Photoabsorber: Sudan | Exposure time:
13s
Active material: 1 M LiClO4
Light
Polymer resin: PUA wavelength: Resin preparation, 3D printing Circular disk [170]
) 405 nm
Light 3D printing the template, LAGP synthesis,
- . g . Template immersion into LAGP, Heat  |3D cubic bicontinuous
Polymer resin: photoresist IP-S wavelength: 900°C for 5 h ion of - hi [90]
780 nm treatment to or 5 h, Impregnation of | microarchitectures
LAGP with polypropylene/ Epoxy polymer
Printer
resolution:
50pm
First layer
exposure time:
35s
Polymer resin: Photopolymer Translucent| Otherlayers | 3p printing, Pyrolysis at 400°C for 4 h and .
Y Res?iny exposure time: P 9 ilooai’c forah Lattice structure  |[172]
2s
Light
wavelength:
514 nm
Printer
Active material: Silicon powder (30 wt%), res70 Slutrlr?n:
PEDOT:PSS Lasmm
Polymer resin: PEG hydrogel diame tgr'
Solvent: Distilled water (DW) 200pum Resin preparation, 3D printing, Drying in a Honeycomb [173]
vacuum oven at 80°C for 8 hours micropatterned
Photoinitiator: Bis(2,4,6-trimethylbenzoyl) Light
phenylphosphineoxide (BAPO) wavelength:
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Figure 2-5. (a) SLA printed electrodes before and after pyrolysis. Reproduced
from Katsuyama et al. (2022) with permission from Wiley [172], (b) Capacity
retention of the cells fabricated by SLA.

Furthermore, Table 2-9 summarizes the advantage and disadvantages of the
abovementioned methods.

Table 2-9. Advantages and disadvantages of DIW, FFF, IJP, and SLA

Direct Ink Writing

Method Advantages Disadvantages
- High resolution
Bt - Ink formulation
- Ease of use

- Minimal post-production treatment
- Flexibility in material selection

- Multi-material printing

- Material rheological properties optimization

- Poor mechanical properties

Fused Filament Fabrication

- No need for ink preparation
- Minimal waste
- Economical
- High production rates

- Multi-material printing

- Filament formulation
- Risk of nozzle clogging
- Poor mechanical properties in z-direction

- Low surface quality

InkJet Printing

- Affordable
- Ease of use
- Lower viscosity requirement
- Flexibility in material selection

- Multi-material printing

- Nonuniform printed structure

- Ink formulation

Stereolithography

- High resolution
- Nozzle-free printing process
- Smooth and highly detailed surface finishes
- Strong layer-to-layer adhesion
- High mechanical strength
- Structural integrity

- Durability

- Resin formulation
- Resin flowability
- Resin refractive index for resin
- Relatively high cost for industrial applications

- Post-processing requirements

It is clear from this review of experimental results that closely align with theoretical

electrochemical performance that 3D printing methods for battery fabrication are
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promising. There is potential for 3D printing to be incorporated in manufacturing high-
performance batteries, primarily due to its inherent design freedom. One of the other
interesting aspects of 3D-printing batteries is the capability to fabricate solid-state
electrolytes which opens the path to developing all-solid-state batteries. This innovation
not only could enhance battery performance but also enables the creation of fully 3D-
printed batteries. Compared to batteries with liquid electrolytes, solid-state batteries often

exhibit superior performance, particularly in the areas of safety.

It is also clear from this review that a range of 3D printing methods can be used for various
battery components. In this regard, DIW and IJP enable the loading of active and
conductive materials into printable ink to facilitate the production of desired components.
On the other hand, FFF offers a customizable approach by loading these materials into
filaments. Additionally, compared to the other methods, it can be seen that for SLA
substantial research has been focused primarily on the fabrication of solid electrolytes.
Nevertheless, successful fabrication of other battery components, including free-standing
anodes [172], demonstrates the potential of SLA in broadening battery component

fabrication.

3D printing has proven its ability to fabricate battery components using high-performance
materials. Silicon, for example, as a major byproduct of the solar photovoltaic (PV)
industry [174], stands out as a promising anode material due to its high theoretical capacity
(around 3,579 mAh g') [175]. The primary challenge associated with utilizing silicon as
an anode is the substantial volume change experienced by the material during battery
cycling, thereby constraining its application. Various 3D printing methods, including DIW
[122], FFF [143], IJP [155], and SLA [173], have successfully produced silicon anodes
with high electrochemical performance by addressing the volume change issue through
special structures achievable via 3D printing, as well as by adding carbon additives that
can accommodate the volume change of silicon by covering it. Finally, the high resolution
and high fabrication rate of SLA as well as the capability to fabricate solid electrolytes and
silicon anodes makes it an exceptionally promising candidate for the production of all-
solid-state batteries with superior electrochemical performance, as well as high safety,

efficiency, and sustainability. Therefore, among various 3D printing methods, the SLA
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method is particularly promising for battery fabrication. Challenges, however, remain
related to the non-conductive and non-active polymer resin and cost considerations. In this
regard, the adoption of the free and open-source hardware (FOSH) development of
scientific tools approach is promising as it has been shown to decrease capital costs on
average by about 90% [176]. Specific technologies for battery research can be extremely
cost effective. For example, a USD $20,000 potentiostat and galvanostat used for
characterizing thin-film batteries can be replaced with a USD$100 open-source tool [177].
In addition, open battery management is also available [178] including for in situ
monitoring of Li-ion cells [179]. There has also been more application specific FOSH such
as a maintenance tool for light-EV batteries [180]. Finally, there has been work to make
completely FOSH all-iron batteries [181,182], which provides a model for the FOSH 3D
printable batteries discussed here. Integrating an open-source toolchain, spanning from
material preparation to battery packaging, emerges as a promising approach to reduce
fabrication costs and enhance accessibility to 3D printing technologies for battery research

and production.

2.4 Conclusions

The advent of 3D printing marks a potential transformative shift in the fabrication of energy
storage devices as it introduces a new potential for rapid innovation and customization for
batteries for specific applications. In contrast to traditional manufacturing, the precision of
3D printing coupled to geometrical freedom can be used to improve battery performance
and offer more efficient energy storage solutions. Notably, as shown in this review 3D-
printing of batteries offers a path to higher energy density, capacity, and overall
performance compared to the conventional manufacturing techniques. Overall, the
evidence presented through numerous case studies from labs making substantial progress
all over the world shows the potential of 3D printing as a promising solution to enhance
energy storage capabilities. Furthermore, the design freedom of 3D printing makes the
fabrication of complex geometries and structures possible and emerges as another key
aspect to improve the energy storage capacities and applications in the future. In addition,
3D printing is a promising method to enable the use of new materials for battery fabrication

to improve battery performance. From an environmental protection viewpoint, the waste
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reduction associated with 3D printing of batteries is a way toward a more environmentally
friendly future directly. Indirectly, the improved performance and flexibility in applications
as well as the potential to reduce energy storage costs, could have a substantial positive
impact in enabling intermittent renewable energy sources to displace fossil fuels. As 3D
printing technologies become more accessible, the prospect of cost-effective production

for customized batteries is extremely promising.



52

Chapter 3

3  Open-Source Hardware for Battery Fabrication

The fabrication of silicon-based anodes for lithium-ion batteries from recycled solar cells
requires a series of critical material processing steps. The silicon material recovered from
end-of-life photovoltaic panels typically exists in the form of large wafers, which are
unsuitable for direct use in battery electrodes. To enable efficient lithiation and integration
into 3D-printable resins, the silicon must be reduced to micrometer or even nanometer-
scale particles. This size reduction significantly increases the surface area, improves
electrode kinetics, and enhances the mechanical stability of the final anode structure.

Achieving the necessary particle size distribution demands a robust and scalable milling
process. To address this need, an open-source ball mill was developed. Designed for AC
and off-grid photovoltaic powered operation and low-cost construction, this ball mill
provides a sustainable solution for converting silicon wafers into fine powders suitable for
resin formulations. By building on openly shared designs and accessible components, the
ball mill ensures that material preparation remains affordable, customizable, and

reproducible across different laboratory environments.

Following size reduction, the powdered silicon must be homogeneously incorporated into
a photocurable resin for stereolithography (SLA) 3D printing. Uniform dispersion is
essential for maintaining print quality, mechanical integrity, and consistent electrochemical
performance. To facilitate this mixing process, an open-source bottle roller was designed
and fabricated. The bottle roller provides continuous, gentle agitation of the silicon-resin

mixture to have even particle distribution.

Also, a proper enclosed place was required to prepare and process the materials in. To

satisfy this, an Open-source inert gas glove box was designed and fabricated.

In this Chapter, the motivation for the development of these open-source hardware tools is
discussed, along with the design considerations, fabrication processes, and operational

principles behind them. Together, the open-source ball mill and bottle roller form an
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integral part of the proposed toolchain, which support the transition from solar cell waste

to lithium-ion battery anodes.
3.1 AC/off-grid photovoltaic powered open-source ball mill

Ball milling is used for comminution by rotating a drum to grind materials using balls with
specific diameters. Ball milling advantages include the potential for high capacity,
predicted fineness in a specific amount of time, reliability, safety, and simplicity, but has
disadvantages of high weight, energy consumption and costs, which limit accessibility. To
overcome these limitations this work applies the free and Open-source hardware approach
coupled to distributed digital manufacturing to fabricate a ball mill with a simple,
customizable design that can be used in a wide range of scientific applications and
circumstances including those without access to reliable grid electricity. The highly
customizable design reduces the cost to <US$130 for an AC powered version and
<US$315 for a switchable power that enables off-grid operation with a solar module and
battery. Using a solar photovoltaic energy source not only improves the power reliability
but also makes it easier to move the ball mill for use in field environments. The Open-
source ball mill can reduce silicon particle sizes from the millimeter scale down to the

nanometer scale.
3.1.1 Hardware in context

Comminution is used to reduce the particle size, change the shape of particles, eliminate
agglomeration, provide mechanical alloying, mixing, changing materials properties, and
producing powder [183]. There are different grinding techniques such as rod mills,
vibrating grinders, medium agitating mills, jet mills, and ball-medium types. The latter one
has different methods based on the motion mode of the mill body including tumbling ball
mills, vibrating mills, cylindrical ball mills, conical ball mills, and planetary mills. Ball
milling is a technology used for grinding, preparing, and modifying materials. The purpose
of the ball milling is to rotate a drum with a motor and grind the inside materials using balls
with specific diameters. Ball milling has applications in different scientific areas, including
chemistry for fabricating microstructures [184], nanostructures [185-187], and chemical
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and mechanochemical synthesis [188-191]. The advantage of ball milling compared to

other comminution methods are the potential for high capacity, predicted fineness in a

specific amount of time, reliability, safety, simplicity, and servicing [183]. Ball milling,

however, has disadvantages, including high weight, high energy consumption because of

the waste of energy in heat, friction, and sound [183], as well as high cost (Table 3-1).

Although commercial ball mills can satisfy these applications, their costs are limiting

accessibility in many labs as they range from approximately US$350 to over US$5,0000

for simple laboratory ball mill.

Table 3-1. Commercial ball mill costs in CAD

Commercial Proprietary Product

Cost
(CADS$)

Specifications

Laboratory Ball Mill [192]

349.00

e  Capacity: 2 kg
. Material: Stainless Steel
Dimensions L x W x H: 46.5 x 26 x 26 Cm

e Weight: 5kg

Ball Mill 2 kg Heavy Duty IN 220 Volt Laboratory Ball Grinder
[193]

836.00

e  Capacity: 2 kg
. Material: Stainless Steel

e  Speed: 80 rpm

One-tier jar high-capacity laboratory jar mill [194]

4,891.65

e  Capacity: 27 kg

Dimensions H x W x D: 26.9 x 26.7 x 25.4
Cm

e  Speed: 20 to 300 rpm

Cole-Parmer Jar Mill [195]

6,665.62

. Capacity: 13 kg

Dimensions Hx W x D: 15.2 x 34.3x 25.4
Cm

. Material: Steel

. Speed: 10 to 260 rpm
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High costs for scientific equipment like ball mills has been a historic issue as it limits access
to scientific tools and drives inequity [196]. Fortunately, there is a proven approach to
reducing the cost of scientific equipment is to apply free and Open-source hardware
(FOSH) technological development models [197,198,198]. Most recently a review found
for a wide range of scientific tools, that Open-source technologies provide economic
savings of 87% compared to equivalent or lesser proprietary tools [199]. These economic
savings increased slightly to 89% for those that used Open-source electronics like Arduino
technology [200], and even more to 92% for those that used RepRap-class 3-D printing
[199]. Combining both Open-source electronics and 3-D printing the savings averaged
94% for free and Open-source tools over commercial equivalents (or lesser tools) [199].
At the same time, building their own hardware [200], using parametric FOSH [201,202],
allows scientists to build high-quality bespoke research equipment [203—205]. There has
been some development of FOSH tools for mixing including a sample rotator mixer and
shaker [29], an orbital shaker [206], a nutating mixer [207], stirring [30], and 3-D
programmable shaker [208]. Yet despite many low-cost ball mills published in the DIY
and maker grey literature [209-217], there are no Open-source ball mills published in the
scientific literature, which have been validated. The DIY ball mills available also suffer
from several shortcomings. The most important concern about many of these home-made
ball mills is that they do not use customized drum in their design, and they use the readily
available containers with their own specified lid. As a result, they cannot meet the
requirements of having standard diameter to height ratio to get the highest-quality results
and it is impossible or difficult to customize them to achieve this ratio
[209,211,214,216,217]. Other issues regarding the readily available home-made ball mills
include noise making [210,212,217], high weight and large device size [212,216-218],
unreliability since the drum is not held in place [211,215,216], design instability [183,184],
big drum size, which is not applicable for scientific experiments that use low-weight
materials [218], and non-controllable speed, which is in contrary with the requirement of
the critical speed [215,216].

To close this gap, this work applies the open-source hardware approach and distributed

digital manufacturing to fabricate a ball mill to both reduce costs and provide the user with
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a simple, customizable design that can be used in a wide range of circumstances including

those without access to reliable grid electricity.
3.1.2 Hardware description

The open-source ball mill developed here is fully customizable and designed to be
fabricated with distributed manufacturing. The parametric designs of the main components
are 3-D printable on a low-cost readily accessible RepRap-class fused filament 3-D printer,
and the electronic parts, bearings, magnets, and balls are provided by a wide-range of of-
the-shelf vendors. The design both reduces the mass as well as allows users to customize
the volume of the ball mill. Electronic designs are provided to power the device from an
AC wall outlet as well as a DC source such as a battery or solar photovoltaic mini-module.
Testing and validation are provided to compare the quality of the open-source ball mill
with the available commercial ones, and a comparison in price is made to show the

economic advantage of the open-source device with commercial peers.

e Reducing the expenses for grinding materials in laboratory experiments including
grinding, preparing, mixing, and modifying.

e Customizing the design based on the bespoke needs of the project

e A low weight, which makes the ball mill portable

e The possibility of using both AC and a DC photovoltaic mini-module as the power

sources

The design files, bill of materials, and operation principles are outlined in
https://osf.io/xadws/. Also, Figure 3-1 shows the figure of the final product.



https://osf.io/xa4ws/
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Magnets

Cover lock

Tachometer magnet

Tachometer detector

Figure 3-1. Assembly of the open-source ball mill: (a) individual components,
including the PVC pipe, 3D-printed drum, and magnets; (b) assembled drum;
(c) end view showing insertion of the front bearing; (d) mounting of the drum
onto the drive shaft; (e) fully mounted drum secured on the support frame; and
(F) complete ball mill system.

3.1.3 Validation and characterization

Many research projects utilize ball mills. To demonstrate the effectiveness of the Open-
source ball mill it is validated here by grinding silicon particles from waste solar
photovoltaic cells. Other research groups have used ball milling before for this application.
For example, Nilssen et al. investigated the properties of silicon after ball milling with a
planetary ball mill at different times, ball sizes, and speeds [219]. These parameters affect
the phase form, crystalline or amorphous, and the sizes of the silicon particles. Zhu et al.
determined the influence of ball milling factors, including milling time and speed, in nano
silicon production with zirconia balls. They showed that increasing the speed and milling
time increases the rate of breaking particles and results in more evenly particles distribution
[220]. In a study by Li et al., the influence of ball size on the particle properties is
investigated. They controlled the mass ratio between balls and powder in a 10:1 amount
[221]. The results showed that different range of ball sizes from 5 mm to 15 mm diameters
could grind the SiC particles from 39.7 and 111 micrometer to 7.51 and 19 micrometers,
respectively after 5 hours. For the open-source ball mill, the ability to grind silicon particles

from waste solar photovoltaic cells was tested in detail. The consumed energy was
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Figure 3-2. a) Micro-CT image of silicon particles after 18 hours ball milling, and b)
Particle size distribution after 18 hours ball milling.

monitored with a digital multimeter (+/-0.01kWh) and the final particle sizes for silicon
powder are measured using micro-CT. For this purpose, multi-millimeter size silicon wafer
shards are added to the drum. It takes about 1 minute to load the ball mill. The ball milling
was done in four steps with 190 rpm speed. It takes about 40 seconds for the tachometer to
read the speed correctly [222]. For each step, the particles were milled for 6 hours, the
particle sizes were determined with the use of the micro-CT and the Open-source imaging
processing software Fiji (with ImageJ2). The Open-source ball mill was run in three sets
of six hours and the particle size was measured after each run (Figure 3-3 and Figure 3-2a).
The unloading video is provided in OSF directory [222]. The results show that the silicon
particles size reduced from 0.8 mm down to 7 um 18 hours (Figure 3-2b). As the results
clearly show the ball mill can grind materials down to micrometer size, which is desirable

for many scientific applications.
The capabilities of the Open-source ball mill include:

e Reducing the cost of ball milling hardware down to CAD$170 for an AC powered
device. In addition, the device can be made power switchable to enable off-grid
operation with a solar module and battery for CAD$420.

e Using the solar photovoltaic as the energy source not only improves the power
reliability but also makes it easier to move the ball mill for use in field

environments.
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e Low weight resulting from the structure materials which are 3-D printed plastic
also make the ball mill readily transportable.

e The Open-source ball mill showed that it could reduce silicon particle sizes from
mm down to the micrometer scale.

e Finally, it is highly customizable, which helps the user to change the drum size for
specific applications and it can be printed out of various materials including a

wide range of plastics, composites, ceramics or metals.

One of the limitations of the Open-source ball mill is that plastic construction might reduce
the stability of the ball mill at higher loads (i.e. it is so low weight it might need clamping

fixture to secure it to a desktop).

The Open-source ball mill was shown to be effective, but there are several areas of potential

improvement. First, the mass of the plastic parts could be further reduced by iterative

Figure 3-3. Smart phone pictures of silicon particles: a) before ball milling, b) after 6
hours ball milling, c) after 12 hours ball milling, and d) after 18 hours ball milling.
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design governed by simulations to calculate the stress-strain in different parts and remove
the material that are under less stress, to reduce the materials used in the design and make
it even more economical. This design could also be built upon by developing an Open-
source planetary ball mill to increase the efficiency. The Open-source ball mill in the AC
version is less costly than the conventional proprietary ball mills, however, when adding
the ability for switchable power with a solar photovoltaic mini module the costs again have
become prohibitive for some users. This is primarily because all the electronic components
are off-the-shelf. Future work could focus on making Open-source equivalents of the solar
charge controller and the boost converter. An integrated Open-source circuit could be
developed that replaces all of the electronics for both systems and be available for synthesis
using Open-source circuit mills [138,223-225] or electronics 3-D printing [226]. Lastly,
although the levelized cost of electricity from full-scale solar photovoltaic modules is now
often the least costly of electrical sources and the IEA believes the lowest cost in history
[227], photovoltaic mini-modules can be significantly more expensive. For example, the
spot price on large scale purchases of full-size photovoltaic modules made of high-quality
monocrystalline silicon passivated emitter and rear (PERC) cells is $0.235/W on Dec. 10,
2022 [228], while the mini-module used here costs more than $1.00/W. This indicates there
is a potential to fabricate Open-source solar photovoltaic modules that could beat the
current costs of even mass-produced mini-modules and there has been some development
of Open-source photovoltaic modules [229], that could be leveraged here to make lower-

cost field deployable DIY solar powered instruments.

Finally, future work is needed in the area of material compatibility. Earlier the potential for
material contamination was discussed concerning the balls, which is a well-known issue
with ball mills of all types and is corrected simply by the material selection of the ball. In
this case, for some applications there may also be an issue with the walls of the cylinder
(e.g. if polymer contamination is an issue for a particular project). In general, this can be
fixed by post-processing the powder with solvents to remove contamination the 3-D

printing polymers, which can be easily removed through using appropriate solvent [230].
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3.14 Conclusions

To summarize, the highly customizable, low-weight open-source ball mill is fabricated
using low-cost readily accessible RepRap-class fused filament 3-D printers. It can be
powered by both an AC power supply as well as a solar PV module and battery with
switchable power. The latter enables off-grid operation when proper and reliable grid
electricity is not accessible and makes it easier to use the ball mill in the field environment.
The final product cost is less than US$130 when using the AC powered version and less
than US$315 when is powered by the solar photovoltaic system. The open-source ball mill
is applicable for use in a wide range of scientific applications. As and example the open-
source ball mill is also made with standard dimensions to work effectively and has been
demonstrated to grind silicon particles from waste PV modules from 0.8 mmto 7 um in 18

hours.
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3.2 Open-source scientific bottle roller

Proprietary bottle rolling systems automate some laboratory applications, however, their
high costs limit accessibility. This work provides designs of an Open-source bottle roller
that is compatible with distributed digital manufacturing using 3-D printed parts and
readily available commercial components. The experimental results show that the Open-
source bottle roller can be fabricated for CAD$210 (about USD$150) in materials, which
is 86% less expensive than the most affordable proprietary bottle roller on the market. The
design, however, is more robust with enhanced capabilities. The design can be adapted to
the user’s needs but is already compatible with incubators with a low profile (dimensions
50 cm x46 cm x8.8 cm) and capable of being operated at elevated temperatures. The
systems can be adjusted to revolves from 1 to 200 RPM, exceeding the rotational speed of
most commercial systems. The Open-source bottle roller as tested has a capacity greater
than 1.2 kg and can roll twelve 100 mL bottles simultaneously. Validation testing showed
that it can operate for days at 80 RPM without human intervention or monitoring for days
at both room temperature and elevated temperatures (50 °C). Future work includes adapting
the designs for different sizes and for different fabrication techniques to further reduce

costs and increase flexibility.
3.2.1  Hardware in context

A scientific bottle roller is used to rotate bottles at a set speed ranging from 1 revolution
per minute (RPM) up to 80 RPM [231]. Bottle rollers are used in a range of scientific
research areas such as cell cultivation [232,233], sediment leaching [233], gold particulate
separation [234], chemical blending [235], drying [236], and many other applications
outside of the lab such as mixing essential oils or bituminous mixtures [237]. Although
commercial bottle rolling systems automate some of these laboratory applications, their
costs limit accessibility as the retail price of a simple single-layer bottle roller costs
CAD$1540 (US$1136.97) [238] and those that are used in incubators can cost over
CAD$2910 (US$2148.44) [239]. The large costs of proprietary scientific bottle rollers
summarized in Table 3-2 limit accessibility in the scientific community. It should be noted
that the CAD$ to US$ exchange rate used was about 1.355.
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Table 3-2. Proprietary commercial bottle roller costs and specifications.

Commercial Proprietary Product Cost Specifications

Speed Range: 1 to 80 RPM

Thermo Scientific Bottle/Tube Roller [238] CAD#$1,539.00 (US$1136.24) Temperature Range: 4 °C to 60 °C

Number of rollers: 6

Speed Range: 1 to 80 RPM

Fisherbrand Digital Bottle Roller [240] CAD$1,888.98 (US$1394.62) Temperature Range: 4 °C to 60 °C

Number of rollers: 3

Speed Range: 2 to 38 RPM

Bottle/Tube Roller [231] CAD$2,188.11 (US$1615.47) Temperature Range: 4 °C to 60 °C

Number of rollers: 2

Speed Range: 1 to 80 RPM

Scientific Low-Profile Bottle Roller [241] CAD$3,239.98 (US$2392.06) Temperature Range: 0 °C to 60 °C

Number of rollers: 10

Speed Range: 0.5 to 80 RPM

FlexiRoll Digital Tube/Bottle Roller Shaker [242] CAD$3,329.86 (US$2458.42) Temperature Range: 4 °C to 60 °C

Number of rollers: 15-20

As discussed in Section 3.1.1, free and open-source hardware (FOSH) combined with
distributed digital manufacturing offers a proven pathway to reduce the cost of scientific
equipment while enabling customization and user control. However, despite the existence
of several open-source mixing and agitation devices, there is currently no validated open-
source bottle roller design available in the scientific literature that can be readily fabricated

using a digital distribution model.

This work aims to overcome this limitation by reducing the cost of bottle rollers using the
open hardware approach and distributed digital manufacturing. Specifically, this section
provides the designs for an Open-source bottle roller that is a less expensive alternative to
commercial bottle rolling systems, while also increasing the capacity of the bottle roller to
allow for fewer bottle rolling systems to be used to complete a larger task. The Open-source
bottle roller is manufactured using 3-D printed parts for custom mechanical parts and

readily available components for the power supply, rollers, bearings, and speed controller.
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3.2.2 Hardware description

The open-source bottle roller can be printed on any thermoplastic materials extrusion-based
3-D printer, but to overcome commercial limitations, the main components of the device
are fabricated using a RepRap-class fused filament 3-D printer. Furthermore, the electronic
parts, rollers, bearings, and speed controller are provided from readily available
components in the local markets. The Open-source bottle roller is fully customizable and
allows the user to increase the capacity of bottles on a larger scale. Testing and validation
are provided to compare the quality of the Open-source bottle roller with the available
commercial ones, and a comparison in price is made to show the economic advantage of
the open-source one with commercial peers. The features of the Open-source bottle roller

include:

e Low-cost chemical mixing for laboratory purposes

e Customizable design based on the user’s needs

e Compatible with incubators with a low profile (dimensions 50 cmx46 cmx8.8 cm)

e Revolves 1to 200 RPM, while the maximum speed of most commercial systems is
80 RPM

e Operational in an incubator at elevated temperatures (50 °C)

e Holds 12 bottles of 100 mL simultaneously. (Capacity greater than 1.2 kgs)

The design files, bill of materials, and operation principles are outlined in
https://osf.io/ps57u/ .

3.2.3 Validation and characterization

In this section, the performance of the Open-source bottle roller design was evaluated by
comparing it to commercially available options. For this purpose, the information on the
specifications and performance were collected as are provided in Table 1. The variables
that will be investigated are: 1) the ability to maintain the appropriate speed that is required
for the bottle roller to be effective over the duration of the desired amount of time at room
temperature, and 2) the bottle roller ability to maintain constant speed while maintaining

structural integrity in an oven at 50 °C.


https://osf.io/ps57u/
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Validation testing for the open-source bottle roller was designed to test the durability of
the design in a heated environment for an extended period and be able to function at the
same level as a commercial bottle roller. Validation testing took place for 48 h by placing
twelve roller bottles completely filled with water, which had a weight of 100 mL per bottle.
The speed controller allows fixing the speed at a precise number, including 80 rpm. With
the open-source bottle roller fully loaded it was placed in a 50 °C oven with the rotation
speed on the bottle roller set to 80 RPM. The bottle roller design and components were
validated by maintaining full functionality after 24 h of continuous operation in the 50 °C
oven. The operation of the Open-source bottle roller can be seen in two supplementary
videos [52], [53].

The capabilities of the Open-source bottle roller include:

e The capital cost is reduced to CAD$210, which is 86% less expensive than the most
affordable commercial bottle roller shown in Table 1.

e Capability of rolling 12 bottles filled with 100 mL water for at least 48 h without
failure in room temperature at 80 RPM speed. Although the motor became slightly
warm after several days of operation, it functioned safely without raising any
concerns about causing injury during use or failure. Ability to operate for 24h at
elevated temperatures (50 °C) without failure.

e The bottles roll smoothly on the PVC pipes. To enhance the friction between the
bottles and the pipes for applications with heavier masses, the pipes can be sanded
or have rubber added to create a rougher/higher surface friction surface.

e Having a broader range of speeds offers the advantage of utilizing the bottle roller
for other scientific applications. For instance, this device can be used to achieve
homogeneous dispersion of silicon particles into polymer resin for 3-D printing of
silicon-based objects via an SLA printer.

e Since the open-source bottle roller is customizable, it can accommodate different
sizes of bottles by using PVC pipes with various dimensions.

e The device includes multiple belts that can be easily removed when the user needs
to rotate fewer bottles. By removing belts, the user can reduce the number of pipes
that roll, optimizing the device's performance for their specific application.
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3.24 Future work

The Open-source bottle roller was designed to be manufactured by most desktop 3-D
printers. This asset, however, can be a limitation as because of the printer bed size being
smaller than the device, the main body of the bottle roller is separated into eight pieces,
which significantly impacts the structural strength. The connectors and reinforcement bars
are designed to overcome this limitation by connecting these pieces together, but they result
in the excess of printed parts, a slight increase in the height of the system and added costs
for connectors. There are several Open-source approaches to solving this issue. First, a
large format Open-source 3-D printer could be used to print the entire structural frame in a
single print. If the large format printer was also a waste plastic fused granular fabrication
(FGF)-based 3-D printer (cartesian [243], delta [244], or hang printer [245,246]) the costs
of the system could be reduced further by about 10% as recycled PETG particles could be
used instead of filament. For example, the bottle roller could be fabricated by waste plastic
PET water bottles [247]. Moreover, by selecting a higher melting point 3-D printable
polymer like polycarbonate (PC) even higher temperature operation may be possible [248].
Another potential solution to this design limitation is to utilize open-source laser cutting or
CNC milling [249] to cut the four sides of the bottle roller on a plastic sheet. Further the
plastic sheets could be fabricated in an Open-source hot press from recycled plastic as well
[250]. This way, the bottle roller can be held in place, and the connectors and reinforcement
bars can be eliminated and ensure overall strength and stability. In addition, to reduce the
purchased components the PVC pipes can be replaced by 3-D printed pipes or extrusion

molded pipes from an Open-source recyclebot [131,251-254].

Moreover, the bottle roller is customizable to be used in different scale applications. The
smaller version can be obtained using PVC pipes with smaller diameter. It should be
pointed out that the same percentile cost savings could be had by using either filament from
an open-source recyclebot or small-scale FGF [255,256]. In this regard, changing the
dimensions of the provided designs can be helpful. Also, the user can make the bigger
version through adding outer plates. The other design that can be useful and adapted easily
from the current design for some applications is the stacked version that consist of some

bottle rollers on top of each other. This would be helpful for scaling bottle rolling
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applications to greater production volumes. The bottle roller can also be used for non-
cylindrical components or specialty vessels. To do this a 3-D printed component can be
fashioned to hold these non-optimal vessels. To illustrate this Figure 3-4 shows a 3-D
printable holder for a microcentrifuge tube, which can then be used on the Open-source
bottle roller. Similar strategies can be used for many microcentrifuge tubes or other types

or shapes of containers.

Figure 3-4. 3D printable adapter for microcentrifuge tube.
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3.3 Open-source Inert Gas Glove Box

A glove box is a controlled environment used for a wide range of scientific experiments.
While glove boxes provide significant advantages, their high economic costs ranging from
over $1,000 to over $15,000 limits their accessibility in under-resourced labs. There are
lower-cost DIY designs available on the internet, but they have not been well characterized
nor validated. To overcome these limitations, in this work, an Open-source glove box
design is developed for scientific applications using readily available components and
digital distributed manufacturing using open-source RepRap-class 3D printers. The ability
of the glove box to hold an inert atmosphere is quantified using an oxygen analyzer. The
Open-source glove box can be customized to the dimensions of the user and the volume of
the experiment. The design also enables the use of customizable transfer chambers that can
be adjusted based on the scientific application. The Open-source glove box is built from a
low-cost enclosure while preventing contamination. The highly portable device can reduce
oxygen down to 19 ppm using an inert gas. The economic savings of the validated device

compared to proprietary systems is over 95%.
3.3.1 Hardware in context

A glove box is a controlled enclosure used to handle air- and moisture-sensitive materials
in chemical synthesis, materials processing, biological research, and electrochemical
device assembly [257]. Typical glove boxes consist of a sealed chamber equipped with
gloves, a transfer port, and an inert gas supply (e.g., nitrogen or argon) to maintain low
oxygen and moisture levels [258]. Such controlled environments are essential in materials
and battery research, where exposure to oxygen or moisture can degrade reactive
components, alter interfacial chemistry, and compromise experimental reproducibility
[259]. For example, when working with metal alkyls and aryls, it is necessary to maintain
oxygen levels below 15 ppm [260-262]. In the synthesis of tin oxide sheets, glove boxes
maintain oxygen levels between 10-100 [263]. In the analysis of the organic solar cells, an
environment with 20 ppm oxygen level should be provided [264]. In biochemical
laboratories, glove boxes are essential for working with oxygen-sensitive enzymes and

compounds to maintain their stability and activity [265]. In biological research, they
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provide sterile conditions necessary for applications like cell research [266]. Additionally,
in cryo-TEM experiments, glove boxes help prevent sample dehydration and preserve the
original state of specimens [4]. In nuclear laboratories, they are used to secure safe handling
of radioactive materials [258]. Moreover, in battery assembly, glove boxes prevent
environmental contamination and provide the safe handling of reactive materials [266],
similar to the function of a fume hood in preventing the release of unsafe particles and
chemicals into the environment [267]. While glove boxes provide significant advantages,
their high economic costs ranging from CAD$1,424 to CAD$15,120 (see Table 3-3), can
limit their accessibility in under-resourced labs. To address this issue there are three main
approaches. First, some researchers have explored alternative approaches to conduct their
targeted research. For instance, Kubota et al. adopted mechanochemistry for C-N cross-
linking reactions in the solid-state to avoid the need for a glove box [257,268]. Similarly,
Yaghoobi et al. employed a crystal engineering approach and optimized deposition
methods to fabricate perovskite solar cells and modules without using a glove box [269].
Although it is possible to engineer experiments to avoid using glove boxes, this is not
always possible. Researchers in various fields, such as material sciences, pharmaceuticals,
agrochemicals, and sensors, may face challenges in the usability of synthetic methods due
to not having access to a glove box [259]. To address the expenses associated with
necessary research equipment, a second strategy involves building the equipment. There
are several Do It Yourself (DIY) designs available all of which are made from a clear
plastic box and elbow-length waterproof gloves. For instance, in a prominent design
published by Make Magazine [270], PVC pipes are used for the arm holders which are
securely attached to the box with sealant to prevent the leakage [271]. To manage the
internal atmosphere, a ventilation fan and air hose are used to blow air out of the box which
creates a slightly lower pressure inside compared to the outside. This setup helps maintain
a controlled environment. This glove box is designed to be easy to use, portable, and low-
cost; however, there are limitations including the lack of a transfer chamber, which restricts
the ability to safely insert and remove materials without contaminating the internal
atmosphere. Additionally, the atmosphere inside the box is not inert, which is critical for
many laboratory applications. The method of purging oxygen using a fan is not practical

for achieving the low oxygen level that is required in many scientific applications.
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Furthermore, the glove box has not been validated which makes it unreliable for precise
laboratory research [271]. In another glove box design, PVC pipes were used as arm
holders, and argon gas was introduced at 10 cubic feet per minute, which required 6.5
minutes to fill the box and displace the air. While the box slowed lithium metal oxidation,
the presence of residual air made it unreliable for precise laboratory experiments [272]. In
another found DI1Y glove box, the Fresno Mycology Society used short piping as arm holds
and applied epoxy to secure the pipes. This glove box is also easy to use and portable but
it is not designed to have an inert atmosphere [273]. Another approach used plastic water
outlets for replacing the air with inert atmosphere, but again this glove box has not been

validated [274]. A summary of these DIY glove boxes is shown in Table 3-4.

As discussed in Section 3.1.1, free and open-source hardware (FOSH) and distributed
digital manufacturing provide a proven pathway for reducing the cost of scientific
equipment while enabling customization and validation [275,276]. Existing DIY glove box
designs used in the second approach do not rely on distributed digital manufacturing for
parts. This is a missed opportunity as the literature indicates distributed manufacturing with
3D printing reduces costs and increase customization on a wide range of products [283—
286]. In addition, all of the designs in Table 2 have not been well characterized and
validated. To overcome these limitations, in this section, an Open-source glove box design
is developed for scientific applications using readily available components and digital
distributed manufacturing using a RepRap-class 3D printer.



Table 3-3. Representative selection of commercial glove boxes specifications.
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Commercial Proprietary Cost . . . Lo Unique
Product (CADS) Dimensions Material Applications specifications
sidENTRY Glove Box [287] 5420900 | J0x24x24 Acrylic Medical and Portable
in Laboratory
Scienceware portable glove box 27x13x22 Isolating materials
p & 2,370.00 . Acrylic that need to be Portable
[288] in
processed
-Determining the
dry weight or
moisture content
of aqueous
solutions,
adhesives,
63x 31 x 34 Toxic materials cerealsf toxic
Plas-Labs compact glove box 15.120.00 i N/A and chemicals,
[289] e pharmaceuticals pharmaceuticals,
paper, plastics,
and light
radioactive
materials
-Multiple
electrical outlet
strip
Body
236x19.7 x framework/Stainless
Pasaurina Glove Box [290] 1,423.88 ’ . steel, Positive side N/A N/A
20.51n . .
window portion/PC
Table 3-4. DIY glove boxes.
Maker Materials Validation Advantage Disadvantage Ref.
Clear plastic box, PVC Lacks transfer chamber, atmosphere not inert,
Make |pipes, sealant, elbow-length . Easy to use, portable, | impractical oxygen purging method, not reliable
. Not validated . [271]
Magazine waterproof gloves, low-cost for precise laboratory work, lacks transfer
ventilation fan, air hose chamber, not adequate arm holds for many users
Clear plastic box, PVC Easy to use, portable, Residual air present, inaccurate yalldatlon with
- Inaccurately match test, unreliable for precise laboratory
MHS pipes, epoxy, hose barb, . low-cost, uses argon . [272]
validated . experiments, lacks transfer chamber, not adequate
barb valve, argon tank for inert atmosphere
arm holds for many users
Fresno Lacks transfer chamber, atmosphere not inert,
Mycology C!egr plastlg box, short Not validated Easy to use, portable,| arm holds may not be adequate for all users, [273]
. piping sections, epoxy low-cost unreliable for precise lab work, lacks transfer
Society
chamber, not adequate arm holds for many users
Clear plastic box, PVC Basy ouse, | enitve appiicaion, ks
Patti pipes, PVC glue, silicone, |Not validated|potentially useful for d pp ’ [274]
. . transfer chamber, not adequate arm holds for
plastic water outlets basic tasks many users
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The ability of the glove box to hold an inert atmosphere is quantified using an oxygen
analyzer. This open-source glove box design effectively bridges the gap between
unvalidated DIY glove box solutions and expensive commercial systems by offering a
validated, low-cost, and customizable alternative. Unlike many DIY designs, it includes a
transfer chamber and has been quantitatively validated to reach oxygen levels as low as 19
ppm, which shows reliable performance for scientific applications. At the same time, it
maintains the adaptability and affordability of DI'Y approaches through open-source digital
manufacturing methods by achieving over 95% cost savings compared to commercial
models. To attempt to enhance the inert atmosphere within the glove box, iron powder was
also used as an oxygen scavenger [291]. The use of iron as an oxygen scavenger is based
on its chemical reactivity with oxygen. When iron is exposed to oxygen, it undergoes an
oxidation reaction that forms iron oxide (Fe2O3z or Fe3O4). This reaction can, in theory,

remove oxygen from the environment. The reactions can be described by the following

equations:
4Fe + 302 > 2Fe;0s, 1)
3Fe + 202 2> Fes0a. 2

These exothermic reactions proceed spontaneously in the presence of oxygen which
gradually reduce the oxygen content inside the sealed glove box. Also, when moisture is
present in the environment, iron powder can also reduce moisture through its reaction with
water. This reaction, where iron reacts with both oxygen and water to form iron hydroxide,

can be represented as:
4Fe+302+4H,0—4Fe(OH)s. 3)

This process not only removes oxygen and moisture from the environment, but the
presence of moisture accelerates the oxidation process, which makes the iron powder more
efficient at scavenging oxygen and maintaining a more inert and stable atmosphere within
the glove box [291].

Considering equation (1), 1 mole of Fe reacts with 0.75 moles of O.. The molar mass of Fe
is 55.85 [292] g/mol, and of O is 32 g/mol [293]. Therefore, 1 g of Fe can scavenge:
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Moles of Fe = ——5_— ~0.0179 mol, 4)
55.85 g/mol

Moles of Oz scavenged = 0.0179 x 0.75 = 0.0134 mol, (5)

Mass of O, scavenged = 0.0134 x 32 =~ 0.429g. (6)

At Standard temperature and pressure (STP), 1 mole of O: gas occupies 22.4 L [294].
Therefore, 0.0134 mol O: occupies:

0.0134 x22.4=0.3 L. (7)

This suggests that 1 g of Fe can remove about 300 mL of oxygen gas at standard
conditions. In the current glove box (wih the capacity of 74 Qt equal to 70.2 L), the initial

oxygen concentration (~3,520 ppm) represents:

3,520
3,520 ppm = Tore 70.2 L= 0.247 L of Oa. (8)

This shows that, in theory, 1 g of Fe powder could scavenge more oxygen than required to
reach O ppm in the box. However, it should be noted that in the present work, iron powder
was observed to reduce oxygen levels only to 19 ppm. This suggests that practical factors
limit this capacity. The formation of a passivation layer of iron oxide on the surface of the
iron powder reduces the availability of reactive sites, which inhibit further oxygen uptake.
Additionally, the lack of sufficient moisture can slow down the reaction kinetics,
particularly for reactions that rely on water as a catalyst. Incomplete exposure of the iron
particles to the glove box atmosphere also limits their effectiveness, as not all reactive

surfaces come into contact with the gas phase.
3.3.2  Hardware description

The Open-source glove box can provide low-cost custom components since the
connections are fabricated by a RepRap-class fused filament 3-D printer, and the other
parts including the clamps, the gloves and the box are readily available in the market. The

arm holds are customizable and can be resized based on the user convenience.
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e Low-cost enclosure for preventing contamination while doing scientific experimental

e Economic savings of over 95%

e Customizable arm holds

e Customizable transfer chambers that can be adjusted based on the user’s convenience
and the scientific application.

e Portability

e Customizable volume based on the user need

e Oxygen reduction down to 19 ppm using an inert gas
3.3.3 Validation and characterization

The validation of the glove box was carried out using an OMD-507 In-line Oxygen
Analyzer, which is capable of measuring oxygen concentrations from 0.1 ppm to 100%.
This high precision provides an accurate monitoring of oxygen levels within the glove box.
During the validation process, 99.999% UHP nitrogen gas (Linde Canada Inc.) was
continuously purged into the glove box at a flow rate of about 4.7 liters per minute. For
further analysis of the environmental conditions inside the glove box, a battery powered
digital pinless moisture meter (Mastercraft) with an accuracy of 4% was used to monitor
moisture levels. This device allows for non-destructive measurement of moisture content.
The results of the validation test show that the initial oxygen concentration was reduced
from 3,520 ppm to 19 ppm within 20 minutes as shown in Figure 3-5a. Achieving such

low oxygen levels is important for maintaining an inert atmosphere in applications that are
a) b)
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Figure 3-5. a) Oxygen reduction in the glove box vs time, b) Moisture level
reduction in the glove box vs time
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related to work with air-sensitive and moisture-sensitive substances such as synthesis of
tin oxide sheets (10-100 ppm), or analysis of the organic solar cells (<20ppm)
[261,263,264]. In addition, the moisture level went down to 0% (Figure 3-5b) [295]. The

validation experiment was repeated with the same results.

This comprehensive validation confirms that the glove box can maintain a controlled
atmosphere with small oxygen and moisture levels. Such conditions are essential for a wide
range of sensitive applications, including material science research and electronics
manufacturing. The amount of oxygen inside the box after purging nitrogen was measured
using an oxygen analyzer. The oxygen level reduction experiments were repeated two
times. For every run It took about 20 minutes to reduce the amount of oxygen from about
3520 ppm to <20ppm (see supplemental data [295]). The oxygen level reduction
experiments were repeated two times, and in both trials, the glove box consistently reached
oxygen concentrations of 19 ppm within 20 minutes, which confirms reliable performance
under standard operating conditions. However, fluctuations in oxygen levels can occur if

the glove box is frequently opened or if minor leaks develop over time.

Additionally, while the current system does not include integrated sensors for continuous

monitoring, such features are discussed as potential future improvements.

Compared to existing DIY glove box designs, which often lack a transfer chamber and
have not been validated for low oxygen levels, the presented open-source glove box offers
a validated inert atmosphere (reduction to 19 ppm) and includes a customizable transfer
chamber that allows safe loading and unloading of materials without compromising the
internal environment. This design also leverages digital distributed manufacturing via 3D
printing, which offers customization not found in conventional DIY setups. In contrast to
commercial glove boxes, which can cost up to CAD$15,120, this open-source design
achieves over 95% cost savings while retaining essential functionality and flexibility for

laboratory applications.

While the glove box achieves a significant reduction in oxygen concentration (from 3,520
ppm to <20 ppm in 20 minutes), the time required for purging will vary depending on the

size of the box selected and initial oxygen levels. Additionally, for very sensitive
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applications that require ultra-low oxygen levels (<1 ppm), such as battery assembly
(<0.1ppm) [296], and cell culture experiments (<9.1 ppm), the system would need further
optimization. Although iron powder was employed as an oxygen scavenger, it did not
reduce oxygen levels below 19 ppm, which indicates the need for more efficient
scavenging materials or methods. Also, the moisture levels were measured using a moisture
meter with an accuracy of £4%. This accuracy may be low for applications that require
extremely dry environments. It should be noted that the sensors used in this work for
oxygen and moisture validation were third-party devices not integrated directly into the
glove box itself. Many commercial glove boxes incorporate integrated sensors for real-
time monitoring, which can be essential for ultra-sensitive applications requiring
continuous atmosphere control. Although this open-source design does not include built-
in sensors, future developments could explore the incorporation of integrated sensors for

continuous monitoring, to provide enhanced control over experimental conditions.

A limitation of this work is the inherently porous nature of the untreated printed parts
produced using FFF-based 3D printing, which may affect long-term sealing performance.
To mitigate this limitation, a high infill density (above 80%) can be employed during the
3D printing process to ensure less porous structures. Although the components performed
well in the performed experiments, post-treatment options such as epoxy coatings or
chemical sealing are recommended to enhance gas impermeability and maintain low
oxygen concentrations during extended use or in more sensitive applications. However, an
advantage of this open-source and 3D-printed approach is that any component that
becomes unsuitable for use over time can be easily reprinted and replaced, which

minimizes operational disruptions and reducing costs.

Future developments could explore more effective oxygen scavengers that are capable of
reducing oxygen levels to below 1 ppm and would enable the glove box to be used in more
sensitive applications, such as activated carbon [297], molecular sieves [298], and copper-
based scavengers [299]. Also, adding automated control systems that adjust purging rates
in real-time based on oxygen and moisture sensor feedback could further enhance
efficiency. By reducing the reliance on constant purging and improving the overall

efficiency of gas use, future versions of the glove box could contribute to sustainability and



77

reduced operational costs, particularly in research and industrial applications that require

long-term use of inert environments.
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Chapter 4

4  Recycling Silicon Photovoltaic Cells into Silicon Anodes

for Li-ion Batteries Using 3D Printing

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 chapter 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 chapter 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.
4.1 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 [1,2]. Batteries
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are classified into primary (non-rechargeable, single-use) and secondary (rechargeable,
reusable) types[1]. Rechargeable lithium-ion batteries dominate the secondary battery field
due to their high theoretical charge capacity (4200 m Ah g1), high energy density (300 Wh
kg1), and portability [300-302]. 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 [303,304]. 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 [304]. Crystalline silicon (c-Si) 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 [305]. Although PV
is a well-established renewable energy source that provides a sustainable state [306] it still
provides an operational life of 2030 years under warranty [307]. 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 [307]. Recycling
this waste economically is a challenge [308,309] 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 [310].
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 (SEI) layer that results in low columbic efficiency (61.7%)
[175,304,311,312]. 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 [312]. The conventional way to fabricate batteries is based on
preparing slurries, then tape casting onto the current collector, and subsequently
assembling and packaging the cell components [313]. 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 required to accommodate more active
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materials for storing Li ions inside 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 [314]. 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 [315]. 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 [31,51,316].
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 [317,318]. 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 [319]. To test this hypothesis, in this work, a novel
low-cost open-source hardware [275,280] 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 particles [27]. 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 [320]. Then, the silicon particles along with dispersant and photo-initiator are
mixed with UV-curable resin by an open-source bottle roller [28]. The slurry was then used
to print an acrylate-silicon composite using an SLA 3D printer. After pyrolysis in an N
atmosphere, the anodes were assembled into coin cells in a 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
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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.

4.2 Experimental Section

The schematic of the processing steps is shown in Figure 4-1.

ngs -

Broken solar cells - Solar cell powder

Open-source ball mill

Customized resin

Open-source bottle roller

Open-source 3D printer

3D printed parts Pyrolyzed parts Assembled batteries

Figure 4-1. Processing steps for recycling silicon solar cells into batteries.
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42.1 Materials

The broken c-Si-based solar photovoltaic cells were acquired from Heliene Inc. (Sault Ste.
Marie, Ontario, Canada). The dispersant used here is cetyltrimethylammonium bromide
(CTAB) (Sigma Aldrich, Ontario, Canada). The Prusament resins (transparent red,
transparent amber, transparent blue, orange, and flexible) are purchased from the official
Prusa Research (Prague, Czech Republic), the Anycubic resins (black and grey) are ordered
from amazon.ca, and the 3DRS resins (colorbase, hard grey, white) are obtained from 3D
Printing Canada (Ontario, Canada). Bis(2,4,6-Trimethylbenzoyl) phenylphosphine oxide
is used as the photoinitiator which is provided from IGM resins (Charlotte, North Carolina).

The 32pm mesh size sieve from KimLab (Ontario, Canada).
4.2.2  Resin fabrication

The processing steps are illustrated in Figure 4-1. The broken solar cells, they were ground
down using the open-source ball mill. The ground solar waste was sieved with 32
micrometer sieves. To remove impurities from the broken solar cell powder, a washing
process was carried out, as explained in the literature. Specifically, 9.0 g of broken solar
cell powder was mixed with 150 mL of 37 wt% HCI. The mixture was stirred and heated
to 80°C for 1 hour. After 1 hour, the mixture was allowed to cool to room temperature, and
the solid residue was then filtered to obtain the purified silicon material and was placed in
the oven in 60°C overnight. Then the powder was mixed with 2% of the solid load CTAB

as the dispersant and 1% of the resin photoinitiator.

After that, the polymer resin was added to the powder. The solid load was 12wt% of the
resin. The solution was moved into dark bottles to prevent the resin from curing. Using the
open-source bottle roller, the mixture was mixed overnight to make a homogenous

customized resin to be used in SLA printer.
4.2.3 3D printing of customized resin

For this step, the coin-shape anodes were designed with Onshape, and sliced in the
PrusaSlicer. The design and all data for this article are available on the Open Science

Framework. A series of experiments was carried out to determine the most suitable
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combination of layer thickness and exposure time to print the sample. Because the silicon
resin requires a longer curing period than standard polymer resin without additives, its
complete polymerization is the primary consideration in selecting the printing parameters.
Different curing times were evaluated through trial and error to identify the shortest time
that would cause each resin to adhere properly while minimizing the print time. For the
initial layer, curing times under 31 seconds resulted in film breakage and incomplete
bonding of the polymer resin to the build plate, which caused print failures. As a result, 31
seconds was used as the minimum time needed to adhere the polymer resin to the build
plate. This finding was further validated by the photorheology result shown in Figure 4-2.
Similarly, the silicon resin required at least 40 seconds to fully polymerize as curing it for
any shorter duration led to insufficient curing and failed prints. Layer thickness values of
0.01 mm, 0.03 mm, and 0.05 mm were also evaluated. A 0.01 mm layer thickness was not
suitable due to insufficient curing and long printing times, whereas a 0.05 mm thickness
prevented proper light penetration through the resin and led to print failures. Among these
options, a 0.03 mm layer thickness was optimal, which resulted in successful print while
maintained sufficient resolution and acceptable print speed. After that, the samples were
printed using Original Prusa SL1S SPEED 3D printer (Prague, Czech Republic). In this
step multi-material printing was done. For this purpose, one vat was poured with the
flexible resin, and the other one was poured with the customized resin. Since the
customized resin caused contamination in the vat which affects the print quality in the
future, an open-source vat was used for this purpose. The vat containing the flexible resin
was placed in the printer and the print was started. In this step, when the machine started
to print the first layer, pause/ stop was clicked. After the printer finishes printing the first
layer, the build platform goes up and the vat is replaced by that for the customized resin.
Then, the print is resumed. After the print finishes, the printed parts were separated from

the build platform by a scraper. In this step, the layer printed by the flexible resin can be
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separated easily. Then, the printed part was put in a curing machine that the excess resin

that was uncured gets cured.

Storage modulus (Pa)

—2 | Curing time: 31.00s
10 £ —— Storage modulus

0 2 40 60 80
Step time (s)

Figure 4-2. Photorheology results of the plain resin, showing the storage modulus as
a function of step time.

4.2.4  Pyrolysis

The printed samples were placed in a gas-sealed box furnace, Model 1616 FL (CM
Furnaces, USA), for pyrolysis. The samples were heated up to 850°C with 1°C/ min and
the temperature was increased to 1400°C with 3°C/ min and they were kept in this
temperature for 2h. After that, the furnace was cooled down to the room temperature with
10°C/ min rate.

4.2.5 Material tests

The Ocean Insight FLAME spectrometer was used to measure the absorbance index of
different resin types before and after adding the solid load. The samples were scanned over
the selected wavelength range of 200-800 nm and the absorbance was recorded. To analysis
the amount of carbon in different types of the resins, DTA and TGA tests were conducted
using Netzsch STA 409 (Netzsch Gmbh, Selb, Germany) at 10 °C min—1 up to 1200 °C in
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flowing Air/N2 (150 cc min—1), to measure the carbon content after pyrolysis in an air
atmosphere with a flow rate of 30 ml/min, starting from room temperature and heating to
800°C at a rate of 10°C min!. OpenFlexure Microscope from 10 Rodeo was used to
measure the dimensions of the printed parts. A scanning electron microscope (SEM) image
was conducted to see the morphology and microstructure. Energy dispersive X-Ray (EDX)
was used to identify the type of elements that are present as well as the percentage of each
element concentration within the pyrolyzed samples. SEM and EDX were conducted using
Hitachi SU3500 scanning electron microscope with an Oxford Instruments X-act EDX
detector (Hitachi, Japan, Oxford instruments UK). X-Ray diffraction (XRD) was
performed using Bruker D8 advance x ray diffractometer (Bruker Gmbh, Germany), to
analyze the phase and crystallinity of the samples after the pyrolysis. Raman spectroscopy
was performed using a Raman microscope with a 514nm laser excitation source
(Renishaw, UK), to characterize the chemical structure of the pure transparent red resin

samples before and after pyrolysis.
4.2.6  Electrochemical tests

The electrochemical performance of the fabricated anodes was evaluated using CR2032
coin cells. The assembly of these cells was conducted in an argon-filled glove box with
oxygen and moisture levels maintained below 0.1 ppm. Celgard 2400 was used as the
separator, and the electrolyte was composed of 1 M LiPF6 in a mixture of ethylene
carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) in a 1:1:1
volume ratio with a fluoroethylene carbonate (FEC) additive. The chemicals were provided
from Gotion, USA. Lithium metal (China) served as both the counter and reference
electrode. Electrochemical tests were performed using CS300 model potentiostatt from
Corrtest, China. Cyclic voltammetry was performed using the potential in the range of 0.01
to 2.5 V (vs. Li+/Li) with a scan rate of 0.1 mV/s. Galvanostatic charge-discharge testing

was carried out in the voltage range of 0.01 to 1.5 V (vs. Li/Li+) at a current rate of 1C.
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4.3 Results and discussion

4.3.1 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 4-3A). Due to the dark color, Si powder is known for its high
optical absorbance and refractive index. This high optical absorbance of Si means that
sufficient light does not reach deeper parts of the slurry to initiate photopolymerization
[321]. This significantly reduces the penetration depth and curing thickness of the printed
part [321]. It 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
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Figure 4-3. UV-Vis spectra of (a) resin formulations containing solid load and (b)
pure acrylate resins, showing absorbance as a function of wavelength.

has high initiating activity and a broad absorption wavelength range is required [321]. 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 4-3B). Following this, the Prusament transparent red resin also shows a relatively
low absorbance index. Thus, the colorbase and transparent red resins are identified as the

most suitable candidates.
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DTA and TGA
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The DTA results show the decomposition of various elements at different temperatures

(Figure 4-4A). The peaks observed up to 600°C are attributed to the decomposition of

organic compounds of H,O, CO, CO2, CHa, and Ho, 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 4-4B). 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.
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Figure 4-4. A) DTA, and B) TGA results from different acrylate resins.
4.3.3 Raman spectra and XRD

Figure 4-5A 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 groups. Also, peaks at 2881 and 2947 cm™! are related to C-H

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
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composition [322-324]. 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 the organic matrix, which
leaves behind a disordered carbonaceous structure. The presence of the D-band explains
the formation of defective or amorphous carbon, while the G-band indicates the
development of graphitic domains [325]. These 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 [326]. In the initial pyrolysis run,
the 3D-printed anode samples were heated to 1400°C. In the XRD results shown in Figure
4-5B, 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 (I1) 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.



89

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 the formation of amorphous lithium silicate
(LixSiOy) and lithium silicide (LixSi) phases [326]. Additionally, the incorporation of
lithium into the silicon structure disrupts its original crystalline arrangement, which further

contributes to the peak intensity reduction.
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Figure 4-5. A) Raman spectra of transparent red resin before and after pyrolysis,
showing Raman intensity as a function of Raman shift, and B) XRD pattern of
samples pyrolyzed at 1400 °C, showing diffraction intensity as a function of 20.

4.3.4  Optical Microscopy and Visual Inspection

Optical microscope analysis of the printed samples (Figure 4-8A) 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 4-6. 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
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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%.

Figure 4-6. A) CAD model of the designed anode (1) Isometric view, (11) front view
(diameter), and (111) side view (thickness), B) pictures of the (1) as-printed sample,
and (I1) pyrolyzed sample, C) the measured thickness of the as-printed sample, and
D) the measured thickness of the pyrolyzed sample.

4.3.5 SEM and EDX

The SEM images of the as ball milled and acid washed solar cell powder are shown in
Figure 4-7. As can be seen in Figure 4-7A and B, silicon (Si), carbon (C), oxygen (O),
silver (Ag), aluminum (Al), tin (Sn), lead (Pb), and iron (Fe) coexist within the powder.
Following the acid wash with HCI (Figure 4-7C and Figure 4-7D), 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 aluminum chloride (AICI3), Sn into tin chloride
(SnClz), and Ag into Silver chloride (AgCl). Si remains intact because it reacts with HCI
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Figure 4-7. SEM images of (A, B) as-ball-milled solar cell powder and (C, D) acid-
washed solar cell powder after ball milling.

only at elevated temperatures (above 350°C). SEM images of the 3D printed samples after
pyrolysis (Figure 4-8B) revealed the formation of distinct carbon residue and silicon
carbide (SiC) domains which support the XRD finding. The EDX analysis shown in Figure
4-8C 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
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conductivity of SiC, which arises from its wide bandgap and the scarcity of free charge
carriers [327], 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.

Figure 4-8. A) Optical microscopy image of printed sample using Openflexure
microscope, B) SEM, and C) EDS elemental analysis of the pyrolyzed samples at
1400°C.
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4.3.6  Cyclic Voltammetry (CV)

Figure 4-9A displays the cyclic voltammetry 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 Li,SiOy [328-330], which is a reaction
that also contributes to the formation of the SEI. 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.
4.3.7  Galvanostatic Cycling

The galvanostatic charge/discharge result is shown in Figure 4-9B. 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 anodes through conventional methods [310]. Additionally, other
studies have reported higher capacities, such as 306 mAh/g at a 1C rate (0.55 A/g) when
using 5% silicene and 95% graphite [330]. The specific capacity is also higher than the
commercial graphite (~325mAh/g) [330] when cycled at 1C with the capacity retention of

66% over 200 cycles. Despite the relatively low percentage of active material (12%) in the
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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.
4.3.8 Electrochemical Impedance Spectroscopy (EIS)

The EIS curve of the anode in Figure 4-9C reveals a semi-circle in the high-frequency
region with a low charge transfer resistance (Rct) of 35.56 Q, comparable to the 21.45 Q
reported in the similar work [310] and significantly lower than the 146 Q observed in
another work [331], and commercial graphite (~577 Q) [331]. 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 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)
[332,333] or carboxymethyl cellulose (CMC) [334] 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
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binder-free approach, ionic pathways are less obstructed, which may contribute more

efficient lithium-ion transport.
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4.4 Discussion

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 resin. 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 customized resin

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

substrate release mechanisms used in metal 3D printing [335,336].

After pyrolysis in a nitrogen atmosphere, the anodes were assembled 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%
Coulombic efficiency over 200 cycles was achieved using an anode composed of 10% solar
cells and 90% graphite via conventional methods [310]. 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 [331]. Also, the
anode fabricated in this work shows higher specific capacity than the commercial graphite
(~325 mAh/qg) [331]. 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.
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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 [337-340], acrylate resin can be sourced from industrial byproducts or bio-
based feedstocks [341-343]. This makes it a more environmentally friendly alternative.
Moreover, acrylate resin is highly customizable [344], 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 [345], 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 [346] 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 [347] 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 [347].
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 [348]. Each standard
250 W solar panel weighs around 19 kg and contains approximately 0.573 kg of silicon
[349]. 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, approximately 0.0015 gr of solar waste would be incorporated

into each coin cell, with each anode weighing 0.0125 g. Given the total amount of silicon
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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 [350]. 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 SEI resistance, which was primarily due to reduced
accessibility of lithium ions to the active material caused by the conventional fabrication
method [314]. 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 [314]. 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 [351], which can enhance lithium-ion transport, optimize
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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 [352-354], 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 [355,356], which are
characterized by gradual transitions in material density or pore size, can effectively buffer
the mechanical stresses caused 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 [357]. 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.
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Chapter 5

S5  Effect of Pyrolysis Temperature on the Performance of
3D Printed Silicon—Carbon Anodes Derived from

Recycled Photovoltaic Silicon

In this Chapter, the effect of pyrolysis temperature on their structural, electrical, and
electrochemical properties of 3D printed silicon—carbon composite anodes fabricated from
crystalline silicon solar photovoltaic cell waste was investigated. The aim was to suppress
the formation of electrochemically inactive SiC observed at 1400 °C in previous work,
while maintaining high electrical conductivity and stable structure. Printed anodes were
pyrolyzed at 800 °C, 1100 °C, and 1200 °C. The results showed that pyrolysis temperature
influences both the microstructure and electrochemical performance of the printed anodes.
Pyrolysis at 1200 °C was produced a highly conductive carbon matrix without formation
of electrochemically inactive SiC. XRD analysis confirmed that at 1200 °C, no SiC peaks
appeared. The enhanced graphitization observed in Raman spectra at this temperature,
coupled with the reduced charge-transfer resistance in electrochemical impedance
spectroscopy, indicates that the carbon network achieved high electronic conductivity
while preserving the active silicon phase. As a result, the anode had an initial specific
capacity of approximately 771 mAh g, with the initial Coulombic efficiency of 99.9%,
and a capacity retention of 61% over 120 cycles. The performance achieved here
demonstrates an improvement over the earlier SLA-printed PV-silicon anodes pyrolyzed
at 1400 °C, which confirms that tuning pyrolysis temperature is a key strategy to obtain the

optimal morphology.
5.1 Experimental Section

Materials preparation, resin formulation, 3D printing of the customized resin, and
electrochemical testing followed the same procedures described in Chapter 4. The primary
difference in this Chapter is the pyrolysis schedule. After post-curing, the printed anode

samples were pyrolyzed in a gas-tight box furnace (Model 1616 FL, CM Furnaces, USA).
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The temperature was first increased to 250 °C at a controlled rate of 1 °C min™!, followed
by a ramp of 3 °C min™ to the final pyrolysis temperatures of 800 °C, 1100 °C, or 1200
°C. Each sample was held at its target temperature for 2 hours under continuous nitrogen
flow to maintain an inert environment. After the dwell period, the furnace was allowed to
cool naturally to room temperature at approximately 10 °C min. In this Chapter, electrical
conductivity of the pyrolyzed anodes was evaluated using a four-point probe method
(Keithley Instruments, Cleveland, OH, USA). Measurements were conducted at room
temperature by applying a constant current through the outer probes and recording the
voltage drop across the inner probes. It should be noted that this technique measures the
in-plane electrical conductivity [358], rather than the through-thickness conductivity,
which would more directly reflect electron transport across the electrode during cell
operation. Nevertheless, the in-plane measurements are considered representative of the
overall electronic conductivity of the material and suitable for comparative analysis [359].
The sheet resistance was calculated, and conductivity values were derived based on the
sample thickness. Electrical conductivity (o = 1/Rst) was determined from four-point probe
measurements of sheet resistance (Rs) using a Signatone SP4 setup and the average film
thickness (t) [360]. Electrochemical tests were performed using a CS300 model
potentiostat (Corrtest, China) and CHI660E potentiostat. Galvanostatic charge—discharge
testing was carried out within a voltage range of 0.01-1.5 V vs. Li/Li* at room temperature
at 0.77 A g. Rate performance was assessed by cycling cells at different current densities
(0.154 A gt 0.231 Ag?t 0385 Ag?, 0.77 Ag?, and 3.465 A g1) to evaluate the capacity
retention at higher charging and discharging rates, followed by recovery at 0.154 A g.
Specific capacities were calculated from the discharge/charge capacity of the galvanostatic
curves. The mass the active materials were calculated 3-4 mg. Cyclic voltammetry
measurements were performed between 0.01 and 1.5 V vs. Li*/Li at a scan rate of 0.15 mV
s ! to analyze the lithiation/delithiation behaviour and redox reactions. EIS was conducted
at open-circuit voltage with a perturbation amplitude of 10 mV over a frequency range of
100 kHz to 0.01 Hz.



102

5.2 Results

5.2.1  Pre-cycling

5.2.1.1 XRD

One of the limitations identified in previous work was the presence of SiC in the pyrolyzed
samples at 1400 °C, which was found to be electrochemically inactive and contributed to
a reduction in battery capacity [361]. In this work, efforts have been made to address this
issue by having the samples pyrolyzed at lower temperatures, where the formation of SiC
is intended to be prevented. The XRD patterns of the pyrolyzed samples, shown in Figure
5-1, at 800 °C, 1100 °C, and 1200 °C indicate a dominant presence of crystalline silicon
across all temperatures, with the 28.7° (111), 47.76° (022), 56.69° (131), 69.86° (040),
77.2° (133), and 89.06° (242) , which aligned with Reference pattern COD-9013102 for
silicon [362], using Open-source Profex program [363]. The peaks of COD-9013102 for
silicon were extracted using Pymatgen (Python Materials Genomics) library [364]. No

additional features are observed, which suggest carbon remains chemically stable and does
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Figure 5-1. XRD patterns of silicon—carbon composite anodes pyrolyzed at 800 °C,
1100 °C, and 1200 °C, showing diffraction intensity as a function of 260.
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not react with silicon to form new phases such as SiC. A notable difference from the XRD
results reported in the previous work is the absence of several minor diffraction peaks,
which were likely associated with impurity-related interactions [361]. This improvement
is attributed to the use of nitric acid in the purification process in the present chapter, rather
than the hydrochloric acid that was used previously. This leads to reduced impurity levels

in the recycled solar cell material and improved reproducibility of the results.
5.2.1.2 Raman spectroscopy

Figure 5-2 shows the Raman spectra of the samples after pyrolysis. All samples exhibit the
characteristic D (~1340 cm™) and G (~1600 cm™) bands associated with disordered and
graphitic carbon structures, respectively [310]. At 800 °C, the carbon framework is largely
amorphous, reflected by a high Ip/lg ratio of 1.01. This indicates incomplete conversion of
the resin to carbon and the presence of many defects and randomly oriented sp? layers that
limit electrical conductivity. As the pyrolysis temperature increases, the Ip/lg ratio
decreases and reaches to 0.88 at 1200 °C. This signifies the reduction of disordered carbon
structure and the growth of more ordered graphitic domains [365]. At the same time, the G
band becomes sharper and narrower at elevated temperatures, which confirms the
enhancement of graphitic order and enlargement of sp? domains [366]. Also, narrowing D
band by increasing the temperature up to 1100 indicates an increase in the size and/or
number of the ordered graphitic domains [367]. At lower temperature (800 °C), the 2D
band at ~2670 cm™" and the D+G band at ~2900 cm™ appear as weak peaks. The 2D band
is known to change in intensity and shape with the number of graphene layers [368]. These
weak features are typical of disordered carbon with small, isolated sp? regions [369]. As
the temperature increases, both bands become stronger. This change might happen because
the carbon layers begin to align and stack on top of each other, which creates stronger
interactions between the graphene-like sheets. This stacking is imperfect, and the layers
are not still fully ordered like in crystalline graphite. This partial ordering shows that the

material is moving from an amorphous to a more graphitic structure [370]. As a result, the
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carbon network becomes more continuous, which helps electrons move more easily. This

is an important factor for improving the performance of the anode in lithium-ion batteries.
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Figure 5-2. Raman spectra of silicon—carbon composite anodes pyrolyzed at 800 °C,
1100 °C, and 1200 °C, showing Raman intensity as a function of Raman shift.

5.2.1.3 Four-Point Probe Measurement

The electrical conductivity of the samples was measured using a four-point probe technique
after pyrolysis at 800 °C, 1100 °C, and 1200 °C (Figure 5-3). Conductivity increased
significantly from 413 S m™* at 800 °C to 1158 S m™ at 1100 °C and 1342 S m* at 1200
°C. The sharp rise between 800 °C and 1100 °C reflects the major structural transformation
of the ceramic matrix. At this temperature the ceramic restructures into a continuous
carbonaceous framework, while disorder in the carbon phase decreases. These results
demonstrate that higher temperatures create better carbon structure which facilitate

electron transportation in batteries.
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Figure 5-3. Electrical conductivity of silicon—carbon composite anodes pyrolyzed
at 800 °C, 1100 °C, and 1200 °C, measured by four-point probe, showing
conductivity as a function of pyrolysis temperature.

5.2.1.4 SEM and EDS

Figure 5-4 shows the EDS mapping of the acid-washed solar-cell powder. It shows that the
Al and Ag are removed after the acid wash. The treatment equation is as the following
[371]:

Al + 6 HNO; = Al(NO3)s + 3H,0 + 3 NO,

Ag + 2 HNO; > AgNO; + H,0 + NO,

Traces of fluorine (F) remain which originates from fluorinated backsheet materials or
manufacturing-related fluoride residues [372]. Figure 5-5 shows a printed sample
containing solar cell powder. The layer-by-layer morphology of the SLA process is clearly
visible. EDS mappings of the samples pyrolyzed at 800 °C, 1100 °C, and 1200 °C are

presented in Figure 5-6. For each temperature, this figure includes four panels: (a, e, i) are
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Figure 5-4. EDS elemental mapping of acid-washed solar cell powder showing the spatial
distribution of constituent elements.

the SEM micrograph of the selected region; (b, f, j) the carbon (C) elemental map; (c, g, k)
the silicon (Si) elemental map; and (d, h, I) the oxygen (O) elemental map. The results

confirm a uniform distribution of silicon and oxygen within the carbon matrix.
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Figure 5-5. SEM images of an SLA-printed solar-cell-derived silicon sample showing
surface morphology and microstructural features.
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Figure 5-6. EDS elemental mapping of silicon—carbon composite anodes pyrolyzed at
(a—d) 800 °C, (e—h) 1100 °C, and (i-I) 1200 °C.

5.2.2 Electrochemical results

5.2.2.1 Galvanostatic Cycling

To evaluate and compare the electrochemical performance of the anodes fabricated at
different pyrolysis temperatures, galvanostatic charge—discharge measurements were
conducted at a current of 0.77 A g for 40 cycles. The purpose of this test was to identify
the sample that shows the best specific capacity and cycling stability. The most promising
sample was then subjected to rate performance, extended cycling for 120 cycles, and cyclic
voltammetry to further assess its electrochemical performance. As shown in Figure 5-7a,
the sample pyrolyzed at 800 °C showed an initial specific capacity of 359 mAh g*, with
37 % capacity retention after 40 cycles. The lower specific capacity and poor capacity
retention compared to the previous work with the sample pyrolyzed at 1400 °C [361] is
likely due to incomplete conversion of the resin to carbon, which reduces electrical
conductivity and weakens the structural integrity of the carbon framework. These
limitations lead to severe volume expansion during lithiation, causing electrode

pulverization and ultimately the loss of electrical contact during cycling [373]. The samples
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pyrolyzed at 1100 °C showed improved electrochemical performance, by delivering initial
specific capacities of 719 mAh g, with capacity retentions of 78 %. This improvement is
likely due to the increased graphitization of the carbon matrix, better electrical
conductivity, and enhanced structural stability, which together facilitate more efficient
lithium-ion transport and accommodate the volume changes during cycling [374]. The
sample pyrolyzed at 1200 °C exhibited the best performance among all and achieved an
initial specific capacity of 771 mAh g with ~99.9 % initial Coulombic efficiency in the
first measured cycle after formation, and 88 % capacity retention over 40 cycles. The
superior electrochemical behavior at this temperature is supported by the structural and
compositional improvements, the higher electrical conductivity, lower oxygen content, and
more ordered carbon structure that discussed earlier. The optimized balance between
graphitization and residual amorphous carbon provides both efficient electronic pathways
and mechanical buffering for silicon particles during lithiation and delithiation.
Additionally, the improved interfacial contact between silicon and the conductive carbon
matrix facilitates faster charge transfer and mitigates irreversible capacity losses. As a
result, this sample was selected for extended cycling for 120 cycles. As shown in Figure
5-7b, the sample showed the >98% Coulombic efficiency and capacity retention of 61%
throughout the long cycling, which reveals its structural stability and electrochemical
durability. The voltage versus capacity profiles of the anode pyrolyzed at 1200 °C shown
in Figure 5-7c, demonstrate a stable lithiation/delithiation process with gradual capacity

fading and preserved curve shapes over 120 cycles.
5.2.2.2 Rate Capability

For the electrode pyrolyzed at 1200 °C, the rate profile shown in Figure 5-7d demonstrates
high capacity at low current densities. At 0.154 A g, the electrode delivers a specific
capacity of 1126-1292 mAh g*. This indicates efficient lithiation and good activation
behavior. As the current rate increases, the capacity gradually declines due to Kinetic
limitations and reaches 236-202 mAh g at 3.465 A g. When the current density returns
to 0.154 A g, the capacity recovers to 905-1111 mAh g*, which is corresponding to
approximately 80-85 % of the initial value. This high recovery confirms strong rate

capability and minimal structural degradation. The reversible behavior suggests the
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formation of a stable SEI layer and a mechanically robust microstructure capable of

sustaining repeated high rate cycling without significant loss of active material or electrical
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Figure 5-7. a) Galvanostatic charge—discharge voltage profiles of anodes pyrolyzed at
800-1200 °C, showing voltage versus specific capacity, b) Long-term cycling performance
of the anode pyrolyzed at 1200 °C, showing specific capacity versus cycle number, c)
Voltage versus specific capacity profiles of the anode pyrolyzed at 1200 °C, d) Rate
performance showing specific capacity as a function of current density.

5.2.2.3 Cyclic Voltammetry (CV)

The cyclic voltammetry of the sample pyrolyzed at 1200 °C shown in Figure 5-8 exhibits
well-defined and reversible redox peaks, which indicate a stable lithium insertion and
extraction behavior. During the cathodic sweep, a reduction peak appears around 0.2 V.
This peak corresponds to the lithiation of silicon and the formation of amorphous Li-Si
alloys (LixSiy) [375]. In the subsequent anodic sweep, two oxidation peaks are observed at
approximately 0.35 V and 0.52 V, which can be attributed to the dealloying of LixSiy and
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the extraction of Li* ions from silicon [374]. The relatively high current (= 2 mA) indicates
enhanced electrical conductivity of the electrode, which is likely the result of improved
carbonization and conductive network formation during pyrolysis. Furthermore, the
gradual increase in peak current over the first three cycles suggests a progressive electrode
activation process, where the active material becomes more accessible to Li* ions upon
repeated cycling [305,376].
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Figure 5-8. CV curves of the silicon—carbon composite anode pyrolyzed at 1200 °C,
showing current as a function of voltage.

5.2.2.4  Electrochemical Impedance Spectroscopy (EIS)

Figure 5-9 shows the Nyquist plots of anodes pyrolyzed at 800, 1100, and 1200 °C. The
800 °C sample exhibits the poorest kinetics which are often associated with high charge
transfer resistance (Rct = 140 Q), which can be attributed to incomplete carbonization and
high interfacial resistance. Increasing the pyrolysis temperature to 1100 °C significantly

improves performance (Rct = 62.5 Q), which reflects better graphitization, enhanced
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electronic percolation, and more effective electrolyte penetration. The 1200 °C anode
outperforms all other samples, by delivering the lowest impedance values (Rct = 25 Q).
This superior behavior arises from a favorable microstructural balance achieved at 1200
°C, including the formation of a continuous conductive carbon network that promotes
electrolyte wetting and reduces ion transport distances, and a fine dispersion of Si that

maintains abundant active interfacial sites and supports a stable, thin SEI.
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Figure 5-9. EIS Nyquist plots of silicon—carbon composite anodes pyrolyzed at 800 °C,
1100 °C, and 1200 °C, showing Z' versus —Z.".

5.2.3 Post cycling

5.2.3.1 XPS

To investigate the composition of the SEI film, XPS full spectrum of the electrode before
and after cycling is conducted. Figure 5-10 illustrates the XPS of the pyrolyzed electrode
at 1200 before cycling. The pyrolyzed electrode surface shows mainly C, O and Si
elements. Elemental Si has Si 2p around 96.95 and 97.55 eV, and oxidized states shift to
higher binding energy up to 99.21 and 101.42 eV for Si** in SiO.. C 1s spectrum shows
peaks at 281.80, 282.20, 283.70, 285.70, 286.70, 281.05 corresponding to C=C, C-C and
CH, C-0, C=0, COOH, and M-C respectively. M-C is a carbide bond and can be attributed
to Si-C which makes up 2.8% of the curve area. After 40 cycles, Li 1s, F 1sand P 2p appear
along with C, O, and Si, which show the formation of SEI. SEI is a mixture of inorganic
(Li20, Li2COs, LiF, Li2C204) and organic (lithium alkyl carbonates (ROCO-L.i) and other
polymeric carbonates) components formed from LiPFe and carbonate solvent
decomposition [377]. The Li 1s peak around 53-55 eV corresponds to Li* in SEI
compounds such as Li20O, Li2COs and LiF [378]. C 1s peaks at 282.68, 284.57, 286.38,
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287.75, 281.09 correspond to C-C, C-O, C=0, CO3, and M-C. CO:s can be attributed to
LioCOz and lithium alkyl carbonates (ROCOyLi) from electrolyte decomposition
[378,379]. F 1s at 682.66 and 684.93 eV correspond to Li—F and C—F; respectively. These
species arise from LiPFs degradation [379]. These changes confirm that cycling generates
a mixed inorganic and organic SEI layer on top of the silicon anode which can act as a

protective layer for the anode.
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Figure 5-10. XPS spectra of the silicon—carbon composite anode showing (a—c) the
sample pyrolyzed at 1200 °C and (d-i) the post-cycled sample.

5.2.3.2 Raman

Figure 5-11 compares the Raman spectra of the sample pyrolyzed at 1200 °C before and
after electrochemical cycling. Prior to cycling, the Raman spectrum is dominated by the
first-order Si-Si vibrational mode at ~520 cm™, which is characteristic of crystalline

silicon, together with the D and G bands of carbon and an ID/IG ratio of 0.88, as discussed

92
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in the Raman analysis of the pyrolyzed samples. In addition, a broad, low-intensity feature
observed near ~932 cm™ is attributed to the second-order Raman response of silicon, which
is commonly observed in Si-rich materials. In addition, the Raman spectra exhibit higher-
wavenumber features in the 2500-3200 cm™! range, which are attributed to second-order
carbon bands, including the 2D (G’) band and combination modes (D+G). After 40
electrochemical cycles, the Si-Si Raman modes are strongly suppressed, indicating
significant amorphization of near-surface crystalline silicon. This behaviour is consistent
with the electrochemical response, where repeated lithiation and delithiation lead to the
formation of amorphous LixSiy phases. In contrast, the D and G band intensities and the
ID/1G ratio remain essentially unchanged, indicating that the overall degree of disorder and
graphitization of the resin-derived carbon framework is preserved during cycling, despite
surface and electronic changes induced by repeated electrochemical cycling. Also, A slight
elevation of the baseline in the post-cycled spectrum is attributed to fluorescence

contributions.
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Figure 5-11. Raman spectra of the silicon—carbon composite anode pyrolyzed at 1200
°C before and after electrochemical cycling, showing Raman intensity as a function of
Raman shift.
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5.3 Discussion

In this chapter, 3D printed silicon—carbon composite anodes were fabricated from solar cell
waste to investigate the effect of pyrolysis temperature on their structural, electrical, and
electrochemical properties. The aim was to suppress the formation of electrochemically
inactive SiC observed at 1400 °C in previous work [361], while maintaining high electrical
conductivity and stable structure. Printed anodes were pyrolyzed at 800 °C, 1100 °C, and
1200 °C. The results confirm that controlled pyrolysis temperature strongly influences both
the phase composition and functional behavior of the composites. Lower temperatures
effectively suppressed the formation of SiC, which led to preserving the active crystalline
silicon phase. The degree of carbonization and graphitization, however varied with
temperature. At 800 °C, Raman and conductivity analyses indicate that the transformation
of polymer to carbon was incomplete, which leaves an amorphous, oxygen-rich matrix with
limited electronic pathways. This incomplete conversion results in low electrical
conductivity and weak structural cohesion, which leads to reduced specific capacity and
poor cycle stability. The low capacity retention at lower temperatures can also be attributed
to insufficient mechanical strength of the carbon network, which is unable to accommodate
the large volumetric expansion of silicon during lithiation and delithiation. As the pyrolysis
temperature increases, the carbon network becomes more ordered. This improves its ability
to buffer silicon expansion, maintain electrical contact, and stabilize the SEI. The
progressive improvement in carbon ordering and conductivity from 800 °C to 1200 °C led
to an increase in both specific capacity and capacity retention. The anode pyrolyzed at 1200
°C exhibited the highest initial specific capacity of 771 mAh g*, with a Coulombic
efficiency of ~99.9%, and capacity retention of 61% over 120 cycles. The enhanced
conductivity and partial graphitization at 1200 °C enabled efficient charge transport and
mechanical resilience, with no SiC formation. Electrochemical impedance spectroscopy
corroborated this trend by showing a significant reduction in charge-transfer resistance
with temperature. In contrast, at 1400 °C, the excessive conversion of Si to SiC, reduced
the available active material, which resulted in lower overall capacity [361]. Therefore, of
the pyrolysis temperature tested 1200 °C represents a practical compromise, that achieves
sufficient electrical performance without the high energy cost or silicon loss associated
with more aggressive thermal treatments. It is important to note that the electrochemical
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behavior of the printed sample observed at 1200 °C should be interpreted as a promising
step toward upcycling silicon solar cells, rather than as a direct comparison to high-
performance Si—-C anodes. The moderate capacity retention achieved here reflects the
constraints of a sustainable, upcycled-material system. The processing conditions must
remain replicable and compatible with realistic cost and energy limitations. In addition, the
silicon particles used in this work remained in the micrometer size range, because they
were prepared using a low-cost Open-source ball mill [27] rather than a high-energy
commercial milling system capable of producing nanoscale powders. This choice was
made to align with the sustainability goals of the work, by using accessible, low-energy,
and replicable processing methods over resource-intensive techniques. This work
demonstrates a sustainable way for recycling solar cells into high-performance energy-
storage materials. The optimized 1200 °C treatment yields a composite that balances
carbon conductivity, structural stability, and silicon preservation. Because the focus of this
chapter was on identifying an energy-conscious temperature range using accessible tools,
temperatures above 1200 °C were not pursued. The process, which has been mostly carried
out with open hardware to increase replicability [380-382] can enhance the economic and
environmental feasibility of PV-silicon recycling by upcycling electronic waste into
functional components for high-value lithium-ion batteries. To make a fully-Open-source
tool chain, future work is needed to use Open-source electronics to drive an Open-source
pyrolysis system [383], test Open-source glove boxes [384] for assembly, and develop an
Open-source battery press. A limitation of this work was that the infrastructure required
for through-thickness conductivity measurements was not available, and only in-plane
conductivity could be obtained. Although through-thickness transport is directly relevant
to battery operation, in-plane conductivity is a widely used to assess carbon network in
polymer-derived ceramic systems [385]. Also, the consistent trends observed among in-
plane conductivity, Raman Ip/lc ratios, and the decrease in Rt indicate that the structural
evolution captured by in-plane measurements meaningfully reflects improvements in
electronic pathways. Despite these encouraging results, further improvements are needed
to bridge the gap between the achieved and theoretical capacity of the sample. Future work
can focus on improving percolation pathways through the incorporation of either carbon

nanotubes (CNTSs) [386] or carbon black [387] into the resin formulation. Introducing one
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of these additives is expected to increase the proportion of active silicon which contributes
to charge storage. Also, full-cell validation against commercial cathodes is essential to
assess practical performance and efficiency under application-relevant conditions. Finally,
extended cycling (>500-1000 cycles) should be considered to verify durability and long-
term stability.

5.4 Conclusions

Through this investigation, the pyrolysis temperature was identified as a critical factor that
influences both the microstructure and electrochemical performance of the printed anodes.
Among the studied temperatures, 1200 °C was found to be the optimal condition that
produced a highly conductive carbon matrix without formation of electrochemically
inactive SiC. XRD analysis confirmed that at 1200 °C, no SiC peaks appeared. The
enhanced graphitization observed in Raman spectra at this temperature, coupled with the
reduced charge-transfer resistance in EIS measurements, indicates that the carbon
framework achieved high electronic conductivity while preserving the active silicon phase.
As a result, the anode pyrolyzed at 1200 °C exhibited an initial specific capacity of
approximately 771 mAh g1, with the initial Coulombic efficiency of 99.9%, and a capacity
retention of 61% over 120 cycles. The achieved performance demonstrates a substantial
improvement over the earlier SLA-printed PV-silicon anodes pyrolyzed at 1400 °C (~400
mAh g1, 89% retention, >100% CE over 200 cycles) which confirms that tuning pyrolysis

temperature is a key strategy for enhancing reversible capacity in these silicon anodes.
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Chapter 6

6  Upcycling Post-Consumer Plastic and Waste Silicon
Photovoltaic Cells into Carbon-Enhanced Silicon
Anodes for Li-ion Batteries Using 3D Printing

This chapter demonstrates a scalable, environmentally friendly pathway to a circular
economy of lithium-ion battery anode fabrication. Specifically, carbon nanotubes (CNT)
upcycled from waste plastic and silicon derived from waste photovoltaic cells are
incorporated into a novel resin for SLA-based additive manufacturing and then pyrolyzed
at 1200 °C. The resulting materials were analyzed using scanning electron microscopy, X-
ray diffraction, energy-dispersive X-ray and Raman spectroscopy. Electrochemical
performance was evaluated through galvanostatic charge—discharge, cyclic voltammetry,
and electrochemical impedance spectroscopy analyses. The resulting CNT-Si-resin
composite improves the electrochemical performance of battery anodes as they had an
initial discharge capacity of 862 mAh/g with an initial Coulombic efficiency of 98.88%,
which increased to 1,044 mAh/g upon cycling, compared with 771 mAh/g for the CNT-
free anode under the same testing conditions. The upcycled electrode retained 100% of its
capacity after 40 cycles and 73% after 120 cycles. This along with the materials
characterization confirms the better structural robustness of the CNT-supported carbon
framework as a continuous, conductive, and mechanically resilient network that enhances
charge transport, that can buffer silicon volume expansion and stabilize the Si—C interface
during cycling. Thes results show sustainable fabrication can match performance of more

complex, chemically engineered systems.

6.1 Experimental section

6.1.1 Materials and Method

The experimental procedure for silicon preparation, resin formulation, stereolithographic
printing, pyrolysis, and cell assembly builds upon the previously reported works [361].
with modifications to incorporate carbon additives. End-of-life crystalline silicon (c-Si)
photovoltaic cells were obtained from Heliene Inc. (Sault Ste. Marie, Ontario, Canada),
mechanically fragmented, and ground using an open-source ball mill [27]. All silicon
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materials were handled in an Open-source glove box [388]. The resulting powder was
passed through a 32 um stainless-steel mesh (KimLab, Ontario, Canada) and purified
through a modified nitric-acid leaching process. In this step, 100 mL of deionized water
was combined with 127 mL of HNOs (70 wt%, ~15.8 M, Sigma-Aldrich, Ontario, Canada),
and the silicon powder was gradually introduced under magnetic stirring at 80 °C for 15
min. The solids were collected by vacuum filtration, rinsed with deionized water, and dried
overnight at 60 °C.

The purified silicon was then incorporated into a customized photopolymer resin. The
carbon-containing formulation was investigated, in which CNTs were blended with the
recycled silicon. To ensure sustainability in the supply of material, the CNTs used in this
chapter were produced from a catalytic chemical vapor deposition (CVD) process that used
waste plastics as the carbon source. This process was developed to transform hydrocarbon
gases produced by the pyrolysis of household polyolefin wastes, making hydrogen and
high-quality multiwalled CNTSs. In this sustainable approach, plastic waste products such
as Ziploc bags, garbage bags, and medical masks were first subjected to pyrolysis. The
pyrolysis shaker reactor (PSR) developed at the Institute for Chemicals and Fuels from
Alternative Resources (ICFAR) was used [389].

The PSR simulates industrial rotary kilns when used for cold-start pyrolysis, in which the
plastic feedstock is gradually heated to 500 °C without pre-processing [390]. This process
achieved liquid hydrocarbon yields of 70-80 wt% across all feedstocks, with a gaseous by-
product rich in light hydrocarbons such as methane, ethylene, and propane. Raw municipal
film wastes can also be pyrolyzed for similar liquids and gas products [391]. These gaseous
by-products were then repurposed as feedstock for CNT synthesis to enhance process
sustainability [392]. For this purpose, the hydrocarbon gases were passed through a
horizontal quartz tube furnace (Fisher Scientific, 800 W, 25 mm diameter, maximum
1100 °C; tube: Technical Glass Products, 25 mm outer diameter, wall thickness 1.5 mm,
600 mm length) containing a catalyst bed of 40-50 g porous iron particles (97.3% pure
sponge iron, lron Powders of North America) and alumina particles (containing ~85%
Al>03 and ~10% SiO2) and operated at 800°C. Further details on the CVD reactor are

available in Ref. [393]. The hydrocarbons were catalytically decomposed, generating a
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hydrogen-rich gas phase (92-95% H> by recycling the outlet gas) and solid carbon products
in the form of a mixture of multiwalled carbon nanotubes (diameter 70-100 nm, 50-120
layers) and carbon nanofibers (diameter 100-160 nm), referred to collectively as CNTSs in
this chapter for brevity. Raman spectroscopy of the CNTSs revealed an Ip/lg ratio of 1.21 +
0.29 and 1.10 £ 0.05 for polypropylene and polyethylene pyrolysis gas feeds, respectively
[394].

In this case, the CNTs accounted for 20 wt% of the solid fraction, while silicon contributed
the remaining 80 wt%. The powders were dispersed into Prusament transparent red resin
(Prusa Research, Prague, Czech Republic), together with cetyltrimethylammonium
bromide (CTAB, Sigma Aldrich) as a dispersant and bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide (IGM Resins, North Carolina, USA) as the
photoinitiator. Resin mixing was performed in the dark using an open-source bottle roller
[28] to ensure homogeneous dispersion of the conductive phase throughout the polymer
matrix. Coin-cell anode geometries were designed in Onshape [395], sliced using
PrusaSlicer [396], and fabricated with an ELEGOO Mars 4 Ultra 9K Resin 3D Printer
(ELEGOO Technology Co., China). The printed samples were converted into anodes via
pyrolysis in a gas-tight box furnace (Model 1616 FL, CM Furnaces, USA). The
temperature was increased to 850 °C at 1 °C min™, followed by a second ramp to the target
pyrolysis temperature of 1200 °C at 3 °C mint. Samples were held at the final temperature
for 2 h under flowing nitrogen to prevent oxidation and were then cooled to room

temperature at 10 °C mint,

6.1.2 Material tests

Microstructural features and elemental composition were studied using scanning electron
microscopy (SEM, Hitachi SU3500, Hitachi, Japan) equipped with an Oxford Instruments
X-act EDS detector (Oxford Instruments, UK). Phase analysis and crystallographic
information were obtained through X-ray diffraction (XRD, Bruker D8 Advance, Bruker
GmbH, Germany) using Cu Ka radiation (A = 1.5406 A) over a 20 range of 10°-90° with
a scanning speed of 2° mint. Raman spectroscopy (Renishaw Raman microscope,
Renishaw, UK) with a 514 nm excitation laser was used to analyze structural ordering

within the carbon and silicon phases.



120
6.1.3 Electrochemical tests

The electrochemical behavior of the prepared anodes was examined using CR2032 half
cells. Cell assembly was performed in an argon-filled glove box, where O and H20 levels
were kept below 0.1 ppm to prevent contamination. Lithium metal (Primet Lab, China)
was used as both the counter and reference electrode, while Celgard 2400 served as the
separator. The electrolyte (Primet Lab, China) consisted of 1 M LiPFs dissolved in a
mixture of ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate
(DMC) in a 1:1:1 volume ratio, with fluoroethylene carbonate (FEC) added as an
electrolyte additive. Electrochemical measurements were conducted using a CS300
potentiostat (Corrtest, China). Galvanostatic charge—discharge cycling was performed
between 0.01 and 1.5 V vs. Li/Li* at room temperature to evaluate cycling stability. The
mass of active materials was calculated as 3 mg. Cyclic voltammetry (CV) was carried out
in the voltage window of 0.01-1.5 V vs. Li/Li* at a scan rate of 0.15 mV s™' to investigate
lithiation/delithiation mechanisms and associated redox processes. Electrochemical
impedance spectroscopy (EIS) was performed over the frequency range of 100 kHz to 0.01
Hz with a 10 mV AC perturbation to assess charge-transfer resistance and interfacial
properties.

6.2 Results
6.2.1 XRD

Figure 6-1 shows the XRD pattern of the sample containing CNT pyrolyzed at 1200 °C.
XRD analysis confirmed the presence of crystalline silicon at all pyrolysis temperatures,
with characteristic diffraction peaks appearing at 28.7° (111), 47.76° (022), 56.69° (131),
69.86° (040), 77.2° (133), and 89.06° (242). These peaks align with the reference silicon
pattern COD-9013102 [362], identified using the open-source Profex software [363] and
further validated by extracting the peak positions from the COD database through the
Pymatgen (Python Materials Genomics) library [364]. The crystallite sizes calculated from
peak broadening were 289 A, 306 A, 254 A, 266 A, and 391 A. No visible signal of SiC is
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observed, which indicates that pyrolysis at 1200 °C did not result in the formation of a SiC
interphase.
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Figure 6-1. XRD patterns of silicon—carbon composite anodes containing carbon
nanotubes, showing diffraction intensity as a function of 20.

6.2.2 Raman

Figure 6-2 illustrates the Raman spectrum of the sample containing CNT pyrolyzed at 1200
°C. The result exhibits the characteristic bands of multi-walled carbon nanotubes including
the D (~1350 cm™?), G (~1580 cm™), and 2D (~2700 cm™) bands [397]. The D band
corresponds to disorder-induced vibrations from defects or amorphous regions in the
carbon lattice, and the G band arises from the in-plane stretching of sp>-bonded carbon
atoms in graphitic domains [397]. Also, the 2D band, which is the first overtone of the D
band, is present in graphitic materials and is commonly used to assess long-range ordering
[397,398]. The intensity ratio of Ip/lg is ~1.03, which suggests a partially ordered carbon
network with moderate structural defects. This is consistent with the polymer-to-carbon
conversion at 1200 °C on previous work [399].
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Figure 6-2. Raman spectra of silicon—-carbon composite anodes containing carbon
nanotubes, showing Raman intensity as a function of Raman shift.

6.2.3 SEM and EDS

The SEM-EDS of the composite pyrolyzed at 1200 °C is shown in Figure 6-3. The SEM
image shows a compact surface with finely distributed particles embedded within the
carbon matrix. This indicates successful distribution of the particles into the resin before
printing. The elemental maps confirm that carbon, which originates from the resin and
CNTs, forms a continuous and well-connected network across the surface, while silicon is
evenly dispersed and does not form large agglomerates. Oxygen appears only in small
amounts, which suggests partial reduction of surface oxides. The overlap of Si and C
supports strong interfacial contact between silicon and the carbon matrix, which enhances

electronic connectivity and structural stability.
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Figure 6-3. EDS analysis of the silicon—carbon composite anode containing carbon

nanotubes: (a) SEM micrograph of the selected region, (b) overlaid EDS elemental

map, (c) carbon elemental map, (d) oxygen elemental map, and (e) silicon elemental
map.

6.2.4  Galvanostatic Cycling

Figure 6-4 shows the galvanostatic charge—discharge profiles of the composite anode
pyrolyzed at 1200 °C at 0.88 mA g current rate. The initial discharge capacity is 862 mAh
g* with the initial Coulombic efficiency of 98.88% and capacity retention of 73% after 120
cycles. Compared to the previous Si—resin composite without CNTs [400], which delivered
an initial discharge capacity of 771 mAh g' under the same conditions, the current

composite exhibits an improvement in electrochemical performance. CNT additives in the

composite act as one-dimensional conductive bridges and form a continuous network that
enhances electron transport and reduces internal resistance [401] which is supported by the
EIS result. CNTs provide line contact rather than point contact, which results in more
efficient electronic pathways through the electrode. Additionally, the CNTSs can serve as
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elastic scaffolds that buffer the high volume expansion of Si during lithiation through
maintaining structural integrity and electrical connectivity [402]. The connected CNT—

carbon network formed during pyrolysis encapsulates silicon particles and minimizes
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Figure 6-4. Galvanostatic charge—discharge voltage profiles of the silicon—carbon
composite anode containing carbon nanotubes, showing voltage as a function of
specific capacity.
particle pulverization [403]. It is noteworthy that the discharge capacity increases to 1044

mAh gt in the subsequent cycles. This behavior can be attributed to the gradual activation
of previously isolated silicon domains, a phenomenon consistent with previous reports
[404].

6.2.5 Cyclic Voltammetry (CV)

The cyclic voltammetry curve of the composite pyrolyzed at 1200 °C shown in Figure 6-5
reveals the typical lithiation and delithiation features of a silicon-based anode. During the
cathodic scan, a broad reduction peak is observed which is around 0.2 V vs. Li/Li* and
extends toward 0 V. This peak corresponds to the lithiation of crystalline silicon to form
amorphous LixSiy [375]. In the anodic sweep, two broad oxidation peaks appear at
approximately 0.35 V and 0.52 V, which are associated with the delithiation of the
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amorphous LixSiy phase [374]. The curves overlap closely, which indicates that the
amorphization process has completed and the SEI is stable. Also, the relatively high current

response (= 2 mA) reflects efficient charge transport within the electrode [376].
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Figure 6-5. CV curves of the silicon—carbon composite anode containing carbon
nanotubes, showing current as a function of voltage.

6.2.6  Electrochemical Impedance Spectroscopy (EIS)

Figure 6-6 shows the Nyquist plot of the composite. The spectrum consists of a semicircle
in the high-to-medium frequency region, followed by a slopped line in the low-frequency
region, corresponding to the charge-transfer process and lithium-ion diffusion,
respectively. The small semicircle diameter (Rct = 12 Q), indicates rapid charge-transfer
kinetics and high electrical conductivity. This low impedance is primarily attributed to the
highly conductive framework created by the carbon from the resin matrix achieved during
pyrolysis and the added CNTs, which together form a continuous network and facilitate
electron transport. Also, interfacial contact between silicon and the carbonaceous matrix

minimizes interfacial resistance, while the porous structure enhances electrolyte
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accessibility and Li* diffusion. Compared to the previous composite without CNTs, which

exhibited higher impedance values at 1200 °C (Rct =~ 25 Q), the present composite reveals
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Figure 6-6. EIS Nyquist plot of the silicon—carbon composite anode containing carbon

. nanotubes. showing Z' versus —Z"". _
enhanced conductivity and faster electrochemical kinetics. This improvement confirms the

crucial role of CNTs in reinforcing the conductive framework and stabilizing the silicon—

carbon interface, which results in better electrochemical performance [400].

6.3 Discussion

The integration of CNTs into the Si-resin composite substantially enhances the
electrochemical performance compared with the CNT-free system in the previous work. In
that earlier configuration, a discharge capacity of 771 mAh g was achieved under identical
testing conditions. By incorporating CNTSs, the initial capacity was 862 mAh g and
increased to 1044 mAh g upon cycling, which is an improvement in both utilization and
activation of the silicon phase. This enhancement confirms that the conductive and elastic
characteristics of CNTs further address poor electronic conductivity and mechanical

instability of the silicon anodes.

Table 6-1 compares the results to CNT-reinforced Si/C anodes in the literature. Although
some CNT-Si films report higher gravimetric capacities, these systems rely on specialized
deposition techniques that may limit practical scalability. In contrast, the SLA-printed

composite in this work was prepared by a simple, scalable, and sustainable fabrication
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route. Compared with chemically bonded CNT-Si systems, the performance obtained here
is within a similar range but achieved with recycled silicon, pyrolytic CNTs, and a fully

open, low-cost toolchain.

Table 6-1. Comparison of CNT-reinforced Si/C anodes in the literature and this

work
Study (Ref.) Architecture Capacity Notes
. SLA-printed Si + CNT + resin-derived Recycled PV Si; CNTs from waste plastic; printed
This work 862 — 1044 mAh g*
carbon electrode
Previous work . . . . . .
[400] SLA-printed Si + resin-derived carbon 771 mAh gt Recycled PV Si; No CNT; printed electrode
Zhao et al [405] Si/CNFs + in-situ CNTs 639.9 mAh g Strong dual-network CNT support
1150 mAh g* . o .
. . Strong Si-CNT bonding improves cycling
Ikonen et al [406]| TCPSi chemically bonded to CNTs »
stability
Zhang et al [407] CNT/(Fe@Si@SiO,) 968 mAh g CNT scaffold supports core—shell Si composites

The enhanced capacity and reduced impedance confirm that the resin-derived carbon
matrix contributes to three-dimensional conductivity and structural support, which is
further improved by CNTSs that create a continuous electron pathway and act as elastic
bridges between silicon particles, reduce the interfacial resistance, and buffer volume
expansion. Relative to commercial graphite (372 mAh g), the CNT-reinforced anode still

provides nearly three times higher capacity.

In addition to improved performance, the sustainability aspect of this work represents a
key advancement. The CNTs used here were sustainably synthesized from hydrocarbon
gases generated during the pyrolysis of household plastic waste, which eliminates the need
for high-cost purified carbon precursors. With the upcycling of end-of-life photovoltaic
silicon, this chapter shows a circular-economy approach in which two waste streams,
plastic and solar cells, are transformed into components for lithium-ion battery anodes.
This chain reduces environmental burden and provides a low-cost, additive-manufacturing-

based route to advanced anode materials.
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The main limitation of this work is that the electrochemical evaluation was limited to half-
cell configuration against lithium metal. To assess real-world applicability, future testing
in full-cell systems paired with commercial cathodes is essential to determine the practical
energy density, Coulombic efficiency, and compatibility with industrial electrolytes.

Future work should therefore focus on testing the anode in full-cell configurations.

6.4 Conclusions

This work introduces a scalable and green pathway toward silicon anodes for energy-
storage applications by demonstrating that incorporating CNTs into a Si—resin composite
improves the electrochemical performance of recycled silicon anodes. The CNT-reinforced
composite delivered an initial discharge capacity of 862 mAh g! with an initial Coulombic
efficiency of 98.88%, which increased to 1044 mAh g! upon cycling, compared with 771
mAh g! for the CNT-free anode under the same testing conditions. The electrode exhibited
stability and retained 100% of its capacity after 40 cycles and 73% after 120 cycles. This
confirms the better structural robustness of the CNT-supported carbon framework. The
improvement arises from the formation of a continuous, conductive, and mechanically
resilient network that enhances charge transport, that can buffer silicon volume expansion
and stabilize the Si—C interface during cycling. The CNTs used in this work were
sustainably synthesized from hydrocarbon gases obtained through the pyrolysis of
household plastic waste. Beyond electrochemical results, this approach advances the
circular economy for lithium-ion batteries by upcycling two waste streams. This strategy
is a proof of concept of fabricating anode materials through a simple, additive-
manufacturing-based, and environmentally friendly process. Achieving the capacity
without the use of aggressive chemical treatments demonstrates that sustainable fabrication

routes can match the performance of more complex, chemically engineered systems.
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Chapter 7

4 Conclusions, Limitations, and Future Works

This work shows that open-source hardware, additive manufacturing and recycled
materials can combine to produce practical, high-performance lithium-ion battery anodes.
Through the open-source ball mill, bottle roller, and inert-gas glove box, waste
photovoltaic silicon was ground, dispersed in custom SLA resins, and printed into anode
geometries. Pyrolysis was used to convert the non-conductive and non-active resin to
carbon. The first generation of 3D-printed, PV-derived anodes containing ground solar cell
silicon and pyrolyzed at 1 400 °C delivered specific capacities of about 400 mAh g, with
89 % capacity retention and Coulombic efficiencies of 100 % over 200 cycles. These
results proved that end-of-life solar cells can be upcycled into functional battery materials
and set a performance baseline for subsequent optimization. In this work, the presence of
electrochemically inactive SiC in the material structure indicated the need to optimize the
pyrolysis temperature. This motivated the next stage of the study, which focused on
adjusting the thermal treatment to suppress SiC formation and preserve the active silicon

phase.

Exploration of pyrolysis temperature revealed that this step critically influences both
microstructure and electrochemical behaviour. Reducing the pyrolysis temperature to
1200 °C prevented formation of electrochemically inactive SiC, improved graphitization
and conductivity in the carbon matrix, and raised the initial specific capacity to
~771 mAh gt.

A final step in performance came from reinforcing the Si—resin composite with CNTs
synthesized from pyrolysis of household plastic waste. The CNT-supported anodes
delivered initial discharge capacities of ~862 mAh g with 98.9 % initial Coulombic
efficiency and continued to increase upon cycling, reaching <1044 mAhg'. The
electrodes retained 100 % of their capacity after 40 cycles and =73 % after 120 cycles. This
shows that the CNT network enhances charge transport, buffers silicon volume changes,

and stabilizes the Si—C interface. This not only demonstrates the power of composite design
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but also shows a circular-economy approach, as both silicon and CNTs were sourced from

waste streams.

These performance results prove the feasibility and potential of combining recycled
materials, open-source hardware, and additive manufacturing to produce sustainable

lithium-ion battery anodes.

Despite these successes, several limitations remain that create opportunities for further
improvement. The current glove box prototype reduced oxygen levels to 19 ppm, but it
should be noted that lithium-ion battery assembly requires oxygen and moisture
concentrations below 1 ppm. Achieving and maintaining such strict conditions will demand
more efficient purification methods, such as high-capacity scavengers (activated carbon,
molecular sieves, copper-based materials) and multi-stage cartridges. Also, integrating
automated control systems that adjust purge rates based on real-time oxygen and humidity
readings would minimize gas consumption, enhance reproducibility, and lower operating

costs.

The need for strict environmental control is rooted in the reactivity of lithium metal and
the electrolyte components. Even trace amounts of water can decompose into hydrogen
and oxygen, while LiPFs can degrade to form PFs and HF which are species that can
corrode or dissolve active materials and current collectors. Similarly, oxygen can react with
lithium to form Li2O and Li202, which consume active lithium and alter the SEI.
Strengthening the moisture and oxygen removal mechanisms in the glove box is therefore
essential for having safe handling of lithium and for achieving reliable and reproducible

electrochemical cell assembly in future studies.

A further opportunity for future work is the deliberate control of electrode porosity. In this
study, porosity arises indirectly from resin formulation, solid loading, printing parameters,
and pyrolysis-induced mass loss, rather than being independently tuned. In industrial
additive manufacturing of battery electrodes, powder-based printing approaches have
demonstrated that porosity can be explicitly controlled to optimize ionic transport,
electrolyte accessibility, and electrode utilization. Future work could adapt porosity-

control strategies such as sacrificial pore formers, graded architectures, or modified
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pyrolysis protocols within the SLA and polymer-derived carbon framework developed

here.

Another important direction for future work is a life cycle assessment (LCA) and net
energy analysis. Although the maximum pyrolysis temperature used in this work is lower
than that typically required for industrial graphite graphitization, a comprehensive LCA is
still needed to confirm that the overall process results in net energy savings. Such an
analysis should consider all processing steps, including silicon recovery, powder
processing, additive manufacturing, pyrolysis, and cell assembly, to verify that this
approach offers energy and sustainability advantages over conventional anode production

routes.

Future work should also explore the use of different electrolyte formulations to evaluate
their influence on SEI formation, interfacial stability, and long-term cycling performance
of the silicon—carbon composite anodes. In addition, future studies could investigate
alternative lattice and architected electrode structures to optimize ion transport, mechanical

stability, and areal capacity.

In parallel, developing and validating an open-source battery press is an important next
step in the hardware toolchain. A practical future direction is to design a low-cost, 3D-
printable press frame with interchangeable die sets, which is preferably instrumented with
a load cell to quantify applied pressure. This extension would complete the open-source
workflow from powder processing to electrode printing and cell assembly.

Another limitation is that the electrochemical evaluation in this work was limited to half-
cell configurations using lithium metal as both the counter and reference electrodes. While
this configuration is standard for fundamental research, it does not represent the

performance of the anodes under realistic conditions.

A practical starting point is to pair the recycled-Si and recycled-Si-CNT anodes with
LiFePO4 (LFP) cathodes in full cells. LFP is attractive due to its excellent cycling stability
and safer voltage window. Experimental design could follow established full-cell protocols
used for silicon-based and 3D-printed anodes, including formation cycles at low current
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(e.g., C/10 or C/20) within an appropriate voltage window (e.g., 2.5-3.8 V for Si||LFP),
and rate-capability and long-term cycling tests at higher C-rates (C/2, 1C, and beyond).
Building on these templates for full cells will allow direct comparison of the recycled-Si
anodes with Si-C-based and 3D-printed electrodes.

Although full-cell testing was outside the scope of this work due to budget constraints and
the exploratory nature of the project, the foundation established here, including materials,
processing conditions, and open-source tooling, makes such studies in the future both
feasible and well-defined.

While this project achieved its main objective of the proof of the concept of a viable open-
source approach for producing lithium-ion battery anodes from recycled silicon, the
outlined improvements offer a clear pathway toward higher performance, greater
reliability, and future large-scale implementation.
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9  Appendices

Appendix A: Fundamental Concepts and Definitions in Literature
A.l. Battery basics

The following basic definitions for battery terms are provided from established references
in the field.

A.1.1. Energy

Energy density is the amount of energy stored in a given volume or mass which defines
the battery capacity. The specific energy density or the gravimetric energy density is the
energy in the specific weight measured in Wh/kg and the volumetric energy density is the
energy stored in the specific volume measured in Wh/m?.

A.1.2. Power

Power density is the rate that the energy is transferred within the battery structure that is
particularly crucial in applications such as electric vehicles, where rapid energy delivery
is required. Specific power density refers to the rate at which a battery can deliver
electrical power relative to its weight and quantifies how quickly a battery can discharge
its stored energy, typically measured in watts per unit of weight (W/kg). Volumetric
power density signifies the rate at which a battery can deliver electrical power relative to

its volume and is measured in watts per unit of volume (W/m3).
A.1.3. Voltage

Nominal voltage indicates the average voltage value assigned to a particular type or
model of battery for design and specification purposes. It is often used as a reference
point and does not reflect the actual voltage of the battery at any specific moment during
its operation. Open circuit voltage (OCV or Voc) is the voltage across the battery
terminals when no current is flowing. It represents the potential difference between the

positive and negative terminals in the absence of a load and is an indicator of the SOC.
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A.1.4. State of the charge (SOC)

SOC is the amount of energy stored in a battery at a given moment and is expressed as a

percentage (%) of the total capacity. It indicates how much charge is available for use.
A.1.5. Capacity

Total capacity represents the maximum number of ampere-hours that can be extracted
from a fully charged battery cell before it is fully discharged. This limit is determined by
the SOC and involves discharging from 100% to 0%. Discharge capacity is the quantity
of ampere-hours that can be drawn from a fully charged cell at a constant current rate,
stopping before encountering a minimum voltage limit. Unlike total capacity, it does not
indicate the complete charge a cell can hold, as it discharges from 100% to a minimum
voltage. Reversible charge capacity refers to the amount of charge that can be cyclically
stored and released in a reversible electrochemical reaction and indicates the stability of

the electrochemical process.
A.1.6. Voltage drops

There are several potential mechanisms that result in voltage drops. First, activation loss
happens due to the slow nature of the reactions that occur on the electrode surface. Fuel
crossover and internal currents result from electrons passing through the electrolyte
which leads to the charge loss in this way. Ohmic loss, or internal resistance, is the
energy loss resulting from resistance to the flow of electrons through electrode materials
and interconnections, as well as resistance to the flow of ions through the electrolyte.
Mass transport (concentration) loss occurs when the electrode surface is depleted from
charges over time, and reactants require time to diffuse from the inner bulk to the surface

for the reaction to keep on.
A.1.7. Self-discharge

Self-discharge is the result of unwanted chemical reactions that occur internally, leading

to various issues such as current leakage, dendrite formation, electrolyte decomposition,
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and electrode decomposition. These processes contribute to the gradual discharge of a

battery even when it is not in use.
A.1.8. Electrical double layer

During battery operation, the charged electrodes interface with the electrolyte results in
the formation of a layer of charges. This occurs due to the attractive forces between the
charged electrode surface and the ions present in the electrolyte, and it is referred to as

the electrical double layer.
A.1.9. Lithiation/ Delithiation

Lithiation describes the insertion of lithium ions into anode and delithiation refers to the
removal from the anode during the charging and discharging of a lithium-ion battery,

respectively.
A.1.10. Particle pulverization

Particle pulverization in lithium-ion batteries refers to the mechanical fragmentation or
disintegration of electrode materials, especially in the anode, as a result of repeated

cycles of lithium-ion intercalation and deintercalation during charging and discharging.
A.1.11. Lithium plating

When the battery voltage exceeds a certain threshold during charging, the excess voltage
drives the reduction of lithium ions at the anode surface, leading to the deposition of
metallic lithium which is more likely to occur at low temperatures; lower temperatures
reduce the lithium-ion mobility and make it easier for lithium ions to deposit as solid

lithium on the anode surface which is called lithium plating.
A.1.12. Solid electrolyte interface (SEI)

During the initial cycle, the electrolyte containing lithium salt decomposes to create
reactive species. These reactive species, along with the lithium ions, precipitate on the

anode surface. This ongoing process results in the formation of multiple layers with
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different chemical compositions and properties. Maintaining an optimum thickness in this
layer is crucial as it can provide mechanical stability and prevent further decomposition.

It is essential, however, for this layer to be thin enough not to reduce ionic conductivity.
A.1.13. Charge/discharge test

The charge/discharge test involves applying a constant current while considering the cut-
off voltage and scan rate. During charging, the constant current leads to an increase in
potential until the cut-off voltage is reached. Then, the current is reversed, and the
potential starts to decrease to the minimum cut-off voltage. This test is a fundamental
method for evaluating the capacity, reversibility, stability, and rate capability of the

battery.
A.1.14. Cyclic voltammetry test

This test involves tracking the current by linearly sweeping the voltage over time with a
specified scan rate, which is higher than that used in charge/discharge cycles. The reason
for this is that the test is employed to study the redox reactions, reaction Kinetics, and

electrochemical behavior of the materials within the battery.
A.1.15. Electrochemical Impedance Spectroscopy (EIS)

EIS is a test that measures various impedance elements in a battery system by applying a
small alternating current across a wide range of frequencies and measuring the
corresponding response. The output of the test is a plot called Nyquist plot which is made
of the real part the impedance on the x axis and the imaginary part of the impedance on
the y axis. An equivalent circuit is constructed from a Nyquist plot in order to model and
analyze the electrochemical behavior of a system. Different parts of the curve can be

explained as the following:

e Ohmic resistance (Rs) is related to the ionic and electronic conductivity of various
components in the battery, including the electrolyte, electrodes, and current
collector. This is measured at low frequencies, and on the Nyquist plot, it is

represented by the real part of the impedance (Figure A - 1a).
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e Charge transfer resistance (Rct) is the resistance related to the electrochemical
reactions occurring at the interface layer of the electrode-electrolyte. Information
about the kinetics of the charge transfer process, such as lithium intercalation at
the electrode surface, is provided by this resistance. On the Nyquist plot, this
resistance is observed as a semicircle, with the radius of the semicircle
representing the charge transfer resistance. This region corresponds to the high-
frequency range. An improvement in battery performance is indicated by a
reduction in the radius/diameter of this semicircle, suggesting that the charge
transfer processes at the electrode-electrolyte interface are more efficient and
faster. This layer also serves as a capacitance that stores charges transferring
slowly to the electrode. In the equivalent circuit, it is represented as a capacitance
in parallel to the charge transfer resistance (Figure A - 1b).

e Warburg impedance (W) is related to the diffusion (mass transport) of lithium
ions into the solid electrode and electrolyte. On the Nyquist plot, it is represented
by a sloped line. This region corresponds to the medium frequency range on the
plot. The slope of the line reflects the diffusion coefficient of the species. A
steeper slope indicates more difficult ion diffusion, while a shallower slope
suggests easier mass transport and diffusion. The tail of this impedance is also
significant. Tail extensions or deviations from the line indicate additional

electrochemical processes occurring in the battery (Figure A - 1c).
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Figure A - 1. Nyquist plot, (a) Ohmic resistance, (b) Charge transfer resistance, and (c)
Warburg resistance
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A.2. Basic types of batteries

In general, batteries are divided into two categories; primary and secondary batteries.
Primary batteries, also known as disposable or non-rechargeable batteries, are designed for
single-use applications. They provide a reliable source of power by converting chemical
energy into electrical energy. Common examples include zinc—carbon, alkaline zinc—
manganese dioxide, and metal-air- batteries [408]. Primary batteries are used for low and
intermittent power needs, such as remote controls and smoke detectors [409]. They are
however, one of the most expensive sources of electric energy and in general should be
replaced by secondary batteries. Secondary batteries are rechargeable batteries that can be
reused multiple times by reversing the chemical reactions through an external power
source, like a charger. Popular secondary battery types include lead acid, nickel-cadmium
(NiCd), nickel-metal hydride (Ni-MH), and lithium-ion (Li-ion) batteries. They are widely
used in portable electronics like smartphones, laptops, and electric vehicles, offering cost-
effective and eco-friendly alternatives to disposable batteries while reducing long-term
waste [410,411].

A.2.1. Lead-acid

A lead-acid battery consists of lead dioxide (PbO2) anode and a cathode composed of
sponge-like lead (Pb), while its electrolyte is made of cost-effective, non-flammable
sulfuric acid [412]. During the discharge of lead acid batteries, the lead ions (Pb?*) within
the battery engage in a chemical reaction with the electrolyte, leading to the formation of
lead sulfate (PbSO.) crystals. During the charging process, these crystals undergo a

transformation, reverting to their elemental states as Pb and PbO; [412].

The lead-acid battery has benefits including a long cycle life of up to 1500-5000 cycles
[32]. These batteries are also known for their recyclability and cost-effectiveness which
holds the largest market share among rechargeable batteries in the automotive industry,
primarily due to the abundance of raw materials [412,413]. Nevertheless, one the major
concerns about these batteries is toxicity [414]. Moreover, these batteries tend to be
relatively heavy and have an energy density within the range of 30 to 50 Wh/kg which is

not high compared to the other rechargeable batteries [415]. The open circuit voltage of
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lead-acid batteries remains stable at 2.1 volts [412]. It is also worth mentioning that they
lack fast-charging capabilities and do not offer a high depth of discharge [412].
Additionally, the Coulombic efficiency of these batteries are 90-95% [416].

A.2.2.NiCd

NiCd batteries consist of a metallic Cd anode, a nickel hydroxide (Ni(OH)2) cathode, and
an aqueous potassium hydroxide (KOH) electrolyte [417,418]. During the discharge OH*?
and Ni(OH)2 on the cathode side and Cd(OH). on the anode side are produced. This
reaction reverses during the charging process [419].

NiCd batteries have several advantages. Notably, the NiCd battery offers an energy density
ranging from 50 to 75 Wh/kg [420], and a long cycle life that spans from 3,500 to 50,000
cycles [421], with the Coulombic efficiency of 70-80% [416]. It has resilience under
mechanical and electrical stress [420], does not release gas [418], has a high depth of
discharge, and is suitable for a wide range of industrial applications, including remote
controls, aircraft, and diesel engine starters[422]. The main drawbacks of these batteries
are the cost [420], and the toxic and heavy materials [423]. Additionally, NiCd batteries
suffer from a relatively high self-discharge rate. The open circuit voltage of the nickel-
cadmium battery is 1.2 Volts [424].

A.2.3. Ni-MH

Ni-MH batteries are made of a nickel hydroxide anode, a metal hydride cathode, and an
electrolyte based on aqueous potassium hydroxide [425]. Hydroxide ions are generated at
the negative electrode through the decomposition of water within the electrolyte, while the

positive electrode experiences oxidation of the nickel hydroxide [426].

The Ni-MH battery has a high energy density of more than 70 Wh/kg, a power density of
more than 200 W/kg, and a broad operational temperature range [427]. It is often
considered a safe and environmentally friendly option [428]. Furthermore, its lifespan is
high, typically reaching up to 3000 cycles [429], and the Coulombic efficiency is 70-80%
[416]. The Ni-MH battery has a notable self-discharge rate, and a limited DOD [430,431].
The open circuit voltage of the Ni-MH battery is between 1.25 and 1.35 V [432].
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A.2.4. Li-ion

Lithium-ion batteries typically consist of a graphitic carbon anode with a layer structure.
The cathode in these batteries are made of a lithiated metal oxide compounds, including
lithium cobaltite (LCO), mixed oxides of nickel, cobalt, and aluminum (NCA), nickel,
cobalt, and manganese (NCM), lithium manganese dioxide spinel (LMO), and lithium iron
phosphate (LFP) [433]. The electrolyte is also a solution of lithium salts dissolved in
organic carbonates [433]. During the charging process, lithium atoms within the cathode
transform into lithium ions and migrate towards the carbon-based anode, depositing on the
anode surface as lithium atoms [423]. Additionally, these batteries perform with a high

Coulombic efficiency of more than 95% [416].

The lithium-ion battery have benefits including a long cycle life of up to 3000 cycles, high
energy density ranging from 75 to 125 Wh/kg [434], and minimal self-discharge [435].
Lithium-ion batteries are, however, sensitive to overvoltage [417]. Their open circuit

voltage typically falls within the range of 3 to 4.2 volts [436].
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