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Abstract

Lithium-ion batteries are crucial for the transition to a sustainable
energy society, powering everything from portable electronics to
electric vehicles. To meet the ever-growing demand for higher energy
density, silicon has emerged as one of the most promising alternative
anode materials due to its exceptionally high theoretical capacity (up
to 4200 mAhg™), which is nearly ten times that of conventional
graphite anode. However, the massive volume expansion (~300-
400%) of silicon during lithiation causes severe mechanical stress,
particle pulverization, and rapid capacity fading, limiting its
commercial viability. This thesis aims to develop safe, low-cost, and
scalable silicon-based anode materials by engineering nanostructured
silicon graphite composites and elucidating their fundamental growth
mechanisms. This was achieved through a stepwise progression,
beginning with a one-pot thermal synthesis of a highly stable silicon-
nanographite aerogel (SNGA) composite, and advancing to a two-pot
furnace method that decouples precursor generation from
nanoparticle deposition. Morphological analysis revealed the in-situ
growth of silicon nanoparticles directly onto nanographite flakes,
effectively buffering volume expansion during cycling. To better
understand and control this nanoparticle formation, a two-pot furnace
method was developed, successfully decoupling precursor generation
from nanoparticle deposition. This hydrogen-assisted approach
eliminates the need for highly toxic precursor gases typical of
Chemical Vapor Deposition (CVD). By systematically investigating
the thermodynamic and kinetic parameters, including temperature,
gas flow rate, and dwell time the underlying growth mechanism was
identified. Electrochemical evaluation of the resulting binder-free
composite electrodes via cyclic voltammetry and galvanostatic
charge-discharge cycling confirmed their structural integrity and
electrochemical stability. The findings presented in this thesis offer a
viable pathway for the production of silicon nanoparticle based high-
capacity lithium-ion battery anodes.
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Summary in Swedish

Litiumjonbatterier dr avgorande for omstdllningen till ett hallbart
energisamhalle och driver allt fran barbar elektronik till elfordon. For
att mota den standigt vaxande efterfragan pa hogre energidensitet har
kisel framtratt som ett av de mest lovande alternativa anodmaterialen
pa grund av dess exceptionellt hoga teoretiska kapacitet (upp till 4200
mAh g7), vilket dr ndstan tio ganger hogre an for konventionella
grafitanoder. Emellertid orsakar den massiva volymexpansionen
(~300—400%) hos kisel under litiering allvarliga mekaniska spanningar,
partikelsonderdelning och snabb kapacitetsforlust, vilket begransar
dess kommersiella géngbarhet. Denna avhandling syftar till att
utveckla sidkra, kostnadseffektiva och skalbara kiselbaserade
anodmaterial genom att konstruera nanostrukturerade kisel-
grafitkompositer och klargora deras grundlaggande
tillvaxtmekanismer.  Arbetet har fortskridit stegvis, med
utgangspunkt i en termisk en-kdrlssyntes (one-pot) av en mycket
stabil kisel nanografit aerogelkomposit (SNGA). Morfologisk analys
pavisade in situ-tillvaxt av kiselnanopartiklar direkt pa nanografitflak,
vilket effektivt dampar volymexpansionen under cykling. For att
battre forsta och kontrollera denna nanopartikel bildning utvecklades
en tva-kdrls ugnsmetod (two-pot), som framgangsrikt separerade
genereringen av prekursorer fran deponeringen av nanopartiklar.
Detta vatgasassisterade tillvigagangssatt eliminerar behovet av
mycket giftiga prekursorgaser som annars &r typiska for kemisk
angdeponering. Genom att systematiskt undersoka termodynamiska
och kinetiska parametrar, inklusive temperatur, gasflodeshastighet
och uppehallstid, kunde den bakomliggande tillvixtmekanismen
identifieras. Elektrokemisk utvdrdering av de resulterande
bindemedelsfria kompositelektroderna och urladdningscykling
bekréftade deras strukturella integritet och elektrokemiska stabilitet.
De resultat som presenteras i denna avhandling erbjuder en
framkomlig vdg for produktion av hogkapacitetsanoder for
littumjonbatterier baserade pa kiselnanopartiklar.

viii



List of papers

1.

Phadatare, M., Patil, R., Blomquist, N., Forsberg, S., C)rtegren,
J., Hummelgérd, M., Meshram, ]., Hernandez, G., Brandell, D.,
Leifer, K., Sathyanath, S. K. M. & Olin, H. Silicon-
Nanographite Aerogel-Based Anodes for High Performance
Lithium Ion Batteries. Sci. Rep. 9, 14621 (2019).

Patil, R., Phadatare, M., Blomquist, N., Ortegren, ].,
Hummelgérd, M., Meshram, J., Dubal, D. & Olin, H. Highly
Stable Cycling of Silicon-Nanographite Aerogel-Based Anode
for Lithium-Ion Batteries. ACS Omega 6, 6600-6606 (2021).

Thombare, S., Patil, R.,, Humane, R., Kale, B., Kalubarme, R.,
Malavekar, D., Phadatare, M. & Lokhande, C. Exploring silicon
nanoparticles and nanographite-based anodes for lithium-ion
batteries. J. Mater. Sci. Mater. Electron. 35, 1-19 (2024).

Patil, R., Phadatare, M., Hummelgard, M., Blomquist, N.,
Berastegui, P., Backstrom, J., Limaye, S., Hernandez, G., Olin,
H., Bylund, D., Brandell, D. & Ortegren, J. Engineering Silicon
Nanoparticle Anodes by Decoupling Precursor Generation

and Deposition via a Two-Pot Furnace Method. Nano Sel. n/a,
e70033 (2025).

Patil, R., Phadatare, M., Hummelgard, M., Brandell, D. &
C)rtegren, J. Low-Cost Furnace-Grown Silicon Nanoparticles
on Nanographite: A New Pathway to Produce LIB

Anodes. Mater. Sci. Forum 1168, 79-84 (2025).

Patil, R., Phadatare, M., Andersson, S., Hahlin, M., Brandell],
D. & Ortegren, J. Nucleation and Growth of Silicon
Nanoparticles Synthesized via a Two-Pot Furnace Method
(manuscript).



List of figures

Figure 1 Simplified plot of the energy storage for the various
electrochemical energy conversion systems.” ...........ccccooevcrcccccnnne. 4
Figure 2 Schematic sketch of the LIB with the working principle and
the components of the LIB. ..........cccccooiiiiiniccccce 6
Figure 3 Schematic of volume expansion, cracking, and SEI
formation on Si surfaces..........ccocoevviviiiiiniiiiiic 9
Figure 4 Graphical representation of One Pot Synthesis Method
described in Paper L ®..........ccooiiiiiiic e 19
Figure 5 The schematic of the preparation of the half-cell in pouch
Cell fOrmat......coviviiiciii s 23

Figure 6 The schematic of the preparation of the half-cell in coin cell

£OTMIAL ..ot 24
Figure 7 SEM and TEM images of the electrode.®?(data derived from
Paper I). oo 32

Figure 8 TEM images of nanographite aerogel structures.®?(data
derived from Paper I). ......cccoiiiiiiiiiiniiiiniies 33
Figure 9 Comparison of specific capacities for different electrode
compositions (SNGA/NG, pure NG, and SNG) during initial

galvanostatic charge-discharge cycling © (data derived from Paper I).

Figure 10 SEM images of the AG (a, b) and NG electrodes (c, d)
respectively.®®(data derived from Paper II) ........cccoviiininiccnncncnne. 36
Figure 11 Cyclic voltammograms of the AG electrode at a scan rate of
0.1 mV s! for the 1st cycle, 2nd cycle, 3rd cycle, 4th cycle, 5th cycle,
and 181st cycle.® (data derived from Paper II).........c.cccoeerrrrnnnnnne. 37



Figure 12 Nyquist plot of the AG electrode a) before the cycle and b)
after 5 cycles, c) after 100, and d) after 200 cycles.%*(data derived
from Paper II)........ccooviiiiiiiiiic s 38
Figure 13 FE-SEM images of Si NPs anode: a 5 k, b 100 kX, ¢ EDX
spectrum (Insets show atomic percentages of elements). For SING
composite anode: d 5 k, e 100 kX, and f EDX spectrum (Insets show
atomic percentages of elements) *(data derived from Paper III).......41
Figure 14 The electrochemical impedance spectra (EIS) of a Si NPs
and b SiNG composite anode half-coin cells.®(data derived from
Paper II1) ..o 42
Figure 15 Two-pot method wherein pot A contains micron-sized
silicon powder, pot B contains NG (1 mg/cm? ) coated onto a copper
substrate, and Hz gas is directly injected into the furnace.®>% (data
derived from Paper IV and V).........ccccoernnininniiccccce, 44
Figure 16 SEM image of NPs (small white dots in the picture) on NG
flakes after utilizing the two-pot furnace method.%(data derived from
Paper IV) ... 45
Figure 17 (a) In-beam secondary electron (SE) SEM micrographs
taken during EDS mapping of the fabricated electrode prepared with
the two-pot method and using H: as a precursor. (b) Elemental
mapping derived from EDS analysis, illustrating the atomic
percentage of silicon (Si) and oxygen (O). (c) Elemental mapping
derived from EDS line scan analysis of an individual particle.®>(data
derived from Paper IV) ... 46
Figure 18 a) CV curves of half-cells prepared according to the two-
pot method with PVA precursor. (b) CV curves of half-cells prepared
according to the two-pot method with Hz precursor.®*(data derived
from Paper IV) ... 47

xi



Figure 19 Specific discharge capacities of electrodes prepared
according to the two-pot method using PVA or H: gas, for a current
density of 100 mAg™. (data derived from Paper IV)®................c......... 48
Figure 20 a) TGA for the samples Si+NG+PVA, Si+NG, and pure
PV A b) Mass spectroscopy of sample Si+NG+PVA for sample masses
18, 28 c) Mass spectroscopy of sample Si+NG+PVA for sample
masses 30, 31, 32, 44 d) Mass spectroscopy of sample pure PVA for
sample masses 30, 31, 32, 44. %5(data derived from Paper IV)............. 49
Figure 21 TGA-MS ion current traces for raw silicon powder (Vesta)
as a function of temperature under two atmospheres: 4% H,/Ar (blue
lines) and pure Ar (orange lines). Four mass-to-charge ratios are
monitored: m/z 18 (H,O, solid lines), m/z 28 (CO or Si, dashed), m/z
32 (O, dotted), and m/z 44 (CO, or SiO, dash-dotted). .........cccceueeee 52
Figure 22 GC-MS chromatograms showing (a) the Ar carrier gas
peak and (b) the SiH, elution region for three experimental runs:
SiH, calibration in Ar only (solid red), SiH, calibration in Ar + H,
(dashed black), and Si micropowder in H,/Ar at 800 °C (dotted blue).

Xii



Preface

This doctoral thesis summarizes my research conducted in Materials
Physics at Mid Sweden University. The research presented herein was
conducted between 2020 and 2026. The overall aim of the work has
been to develop silicon-graphite composite for lithium-ion battery
anodes with low cost materials and processes that are possible to scale

up.

The thesis contains six appended papers that represent a stepwise
progression from composite fabrication to the development of two-pot
furnace method that allows in situ silicon NPs , decoupling the
precursor generation from nanoparticle deposition .

The first part of this work focuses on a simple, one-pot aerogel
fabrication route, highly stable silicon-nanographite aerogel (SNGA)
composites were developed. Morphological and electrochemical
evaluations demonstrated in situ growth of silicon nanoparticles onto
nanographite flakes during the furnace treatment. Building upon
these findings, during the second part of the research a two-pot
furnace method was engineered to successfully decouple precursor
generation from nanoparticle deposition. This silane-free, hydrogen-
assisted approach eliminates the need for highly toxic precursor gases.
By systematically investigating the underlying thermodynamic and
kinetic parameters, the fundamental growth mechanisms were
elucidated. The research presented here has been mainly carried out
in collaboration with colleagues at Mid Sweden University, Uppsala
University and SINTEF. This journey has been both challenging and
rewarding. It reflects not only the scientific results achieved but also
the learning process across multiple scientific disciplines.
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1 Introduction

1.1 The critical need for higher capacity
Lithium-ion batteries

Market growth and environmental implications

Lithium-ion batteries have emerged as a cornerstone technology in
addressing global climate challenges. The lithium-ion battery market
is experiencing remarkable growth, with projections indicating an
increase from approximately USD 130 billion in 2024 to USD 350
billion by 2033. In capacity terms, the market is expected to expand
from approximately 1000 GWh in 2024 to more than 3000 GWh by 2033,
driven primarily by increasing electric vehicle adoption and
investments in renewable energy infrastructure. Production capacity
is being rapidly expanded worldwide to meet this rising demand. The
environmental implications of higher capacity batteries extend far
beyond the direct benefits of the batteries themselves. This efficiency
improvement can have a multiplier effect throughout the entire value

chain of electric transportation and energy storage infrastructure.!?

For example, when new manufacturing facilities incorporate
technology offering 10% higher capacity, they effectively produce 10%
more storage capability with the same infrastructure
investment. Similarly, electric vehicles equipped with these enhanced
batteries can travel approximately 10% further on a single charge,
which simultaneously reduces charging frequency and allows existing
charging infrastructure to effectively serve more vehicles. These
benefits demonstrate how incremental improvements in battery
storage capacity can catalyze positive impacts throughout the energy
storage ecosystem, accelerating the transition away from fossil fuels
and contributing substantially to the development of a more

sustainable society.



1.2 Problem description

Traditional lithium-ion batteries use graphite as anode material,
which has a maximum theoretical capacity of 372 mAhg' and poor
capacity retention at high current density. Therefore, they are unable
to fulfill the ever-growing energy demands of the modern world. On
the anode side, one way to increase the capacity is to add silicon to the
graphite since it can store far more lithium ions than graphite. The
theoretical capacity of silicon is ~4200 mAh g for the Liz Sis phase and
~3579 mAhg! for the LiisSis phase, which is approximately 10~12 times
greater than graphite anodes. This enhanced storage capability
translates directly into the possibility of longer-lasting batteries for
consumer electronics or extended range for electric vehicles without
increasing battery size or weight. Furthermore, silicon is abundant,

cheap, and environmentally friendly. 34

Despite its promising theoretical capacity, silicon as an anode material
presents significant engineering challenges that have thus far limited
its widespread commercial adoption. A critical challenge with silicon
as an anode material is their high (about 400%) volume expansion
during lithiation. This extreme volumetric fluctuation induces severe
mechanical stress, leading to particle pulverization and electrode
degradation. The degradation directly impacts electrical connectivity
within the anode, as silicon particles lose contact with each other and
with the conductive additives (typically graphene or carbon black)
that maintain electronic pathways throughout the electrode. This

quickly degrades the capacity of the cell.5

Researchers have identified particle size reduction as one of the most
promising approaches to mitigate these issues. Nanoscale silicon is
resilient to volumetric changes and substantial efforts have led to

many nano-sized solutions.®



Although these solutions have shown impressive increases in storage
capacity when used as anode materials, they seem to be limited to the
lab scale. For example, growing silicon nanowires directly on a current
collector led to high capacity,” but it is hard to see how this method
could be scaled up to industrial levels. Thus, many of these nano-
silicon solutions are limited and do not go beyond laboratory-scale

demonstration.8

1.3 Research objectives

Lithium-ion batteries are crucial for a future green energy society. One
critical parameter of these batteries is capacity —how much energy per
kilo of battery could be stored. Silicon nanoparticles can enhance both
the capacity and durability of the lithium-ion battery anode since it
can store far more lithium ions than graphite. However, despite
rigorous research leading to various high-capacity solutions, many of
these approaches are not feasible for low-cost, large-scale industrial

production.

This thesis aims to demonstrate safe, low-cost, and scalable silicon-
based anode materials for lithium-ion batteries by combining
electrochemical evaluation and mechanistic understanding of NPs

growth under Hz atmosphere. The specific objectives include:

1. To develop a silicon-graphite composites for battery anodes,
with methods that are environmentally friendly and possible to
scale up.

2. To develop a safe, low-cost, and scalable furnace-based method
for silicon nanoparticle synthesis

3. To investigate the growth mechanism of silicon nanoparticles
formed from silicon micropowder in hydrogen gas, enabling
precise control over their nucleation and size distribution for

usage in Li-ion battery anode application.



2 Background

2.1 Energy storage technologies and silicon
anodes for Lithium-ion batteries
2.1.1 Energy storage requirements

Modern society relies on energy-intensive technologies for mobility,
industry, and personal devices, needing efficient energy storage
solutions. While energy can be harvested from fossil fuels or
renewable sources like solar and wind, reliable storage systems are
critical to meet on-demand energy needs. Applications such as electric
vehicles (EVs), portable electronics, and grid storage require tailored
solutions in terms of energy density power density and durability.
These parameters are visualized using Ragone plots, which compare

energy density versus power density across technologies (Figure 1)
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Figure 1 Simplified plot of the energy storage for the various electrochemical energy

conversion systems.®

Batteries dominate applications requiring high energy density (e.g.,
EVs, smartphones), while supercapacitors are best in applications

requiring high-power for short-duration (e.g., regenerative braking).



Lithium-ion batteries (LIBs) currently offer the best solution for both
scenarios, with superior energy density (~250-300 Wh/kg) and
moderate power density, making them vital for modern applications,
explaining their market dominance despite ongoing research into

alternative battery chemistries.! !0

2.1.2 Historical development

Lithium has very favorable electrochemical potential (3.04V versus
standard hydrogen electrode). This creates a large possible voltage
difference when paired with a suitable cathode material. Thus lithium
is theoretically ideal for high-energy-density batteries. Early attempts
to commercialize lithium batteries in the 1970s utilized metallic
lithium anodes, but safety concerns related to dendrite formation and
potential short circuits led researchers to pursue alternative
approaches. The commercial breakthrough for lithium-ion technology
came in 1991, when Sony introduced the first lithium-ion battery using
a carbon-based anode instead of metallic lithium, with an initial
energy density of approximately 80 Wh/kg. This innovation addressed
the safety concerns while maintaining much of the energy density
advantage.”! Since that initial commercialization, incremental
improvements in lithium-ion battery technology have significantly
enhanced. Despite progress, current demands for electric vehicles
(EVs) and portable electronics necessitate energy densities exceeding

400 Wh/kg, spurring research into next-generation materials.!°

2.1.3 Fundamental operating principles

Lithium-ion batteries, like all electrochemical cells, comprise two
electrodes—the anode and the cathode —separated by an electrolyte.
A microporous separator prevents physical contact between
electrodes while permitting ionic transport. In conventional designs,

the cathode consists of a lithium-containing metal oxide, while the



anode typically employs graphite. During operation, the battery
functions through a process of lithium ion insertion and extraction

(intercalation and de-intercalation) between the electrode materials.

How does a lithium-ion battery work?
Lithiation (Charging)
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Li Metal Oxide Graphite

Figure 2 Schematic sketch of the LIB with the working principle and the components
of the LIB.

As illustrated in Figure 2, during charging, lithium ions move from
the cathode (positive electrode) through the electrolyte and separator
to the anode (negative electrode), where they intercalate into the
anode material. During discharge, this process reverses, with lithium
ions returning to the cathode. Simultaneously, electrons flow through
the external circuit in the same direction, providing electrical power to

connected devices.

Modern lithium-ion batteries typically employ graphite anodes,
lithium-containing metal oxide cathodes (such as LiCoO,, LiFePOy, or
LiNiMnCoQ;), and organic electrolytes containing lithium salts. The

intercalation process in graphite anodes involves lithium ions



inserting themselves between the graphene layers in the graphite

structure, forming a LiCs compound at full lithiation.

2.1.4 The critical role of the solid-electrolyte
interphase

At the electrode-electrolyte interface, a critical structure known as the
solid-electrolyte interphase (SEI) forms during the initial charge cycles.
The SEI layer forms instantaneously upon contact between the
electrode and electrolyte, consisting of insoluble and partially soluble
reduction products of electrolyte components.'? This nanoscale layer
prevents continuous electrolyte decomposition but allows Li*
transport. Optimal SEI properties such as mechanical flexibility, ionic
conductivity, and chemical stability are vital for cycle life and battery
safety.”® Poor SEI stability leads to Li dendrite growth (safety risks)
and continuous consumption of active material i.e. lithium causing

capacity fade.”?

2.1.5 Conventional graphite anodes: strengths and
limitations

The anode in commercial lithium-ion batteries has traditionally been
graphite, a layered carbon material with a theoretical specific capacity
of 372 mAh g (corresponding to the composition LiCe). Graphite
offers several advantages, including good electronic conductivity,
relatively small volume changes during lithiation, and excellent
cycling stability. These properties, combined with low cost and
abundant supply, have established graphite as the dominant anode

material in commercial cells.14

Despite these advantages, graphite's limited theoretical capacity is a
major constraint on further improvements in battery capacity. As
electronic devices become more power-intensive and electric vehicles

require greater range, the limitations of graphite anodes have



prompted extensive research into alternative materials with higher
lithium storage capabilities. For applications like electric vehicles,
where minimizing battery weight and size is crucial, batteries with
higher capacity are needed. However, graphite can only provide
energy density of specific capacity of 372 mAhg. Thus, new anode
materials are needed to be explored and developed for the application

in the next-generation lithium-ion batteries.!>

2.1.6 Silicon as a promising alternative anode
material

Silicon has emerged as one of the most promising alternative anode
materials due to its exceptionally high theoretical capacity. Silicon can
theoretically store up to 3.75 or 4.4 lithium atoms per silicon atom in
its fully lithiated state depending on the which phase is formed (Li1sSis
or Lix»Sis) corresponding to a specific capacity of ~3579 mAh g for the
LiisSis phase and ~4200 mAh g for the LixSis phase.’® The specific
capacity is nearly ten times that of conventional graphite. Additionally,
silicon offers a favorable lithiation potential, reasonable electronic
conductivity, and abundant supply as the second most common

element in Earth's crust.

2.1.7 Challenges with silicon anodes and current
research approaches

Despite these theoretical advantages, silicon anodes face significant
practical ~challenges that have limited their commercial
implementation. The most critical issue is the massive volume
expansion (approximately 300-400%) that silicon undergoes during
lithiation. This expansion leads to mechanical stress, particle
pulverization, and electrical disconnection within the electrode
structure. The underlying reason for such huge volume expansion is
that the lithium storage mechanism in silicon differs fundamentally

from that in graphite. Rather than intercalation, silicon undergoes an



alloying reaction with lithium, forming various Li-Si phases during

lithiation.”

SEl layer
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Figure 3 Schematic of volume expansion, cracking, and SEI formation on Si
surfaces

As illustrated in Figure 3, the specific process during volume
expansion and contraction is as follows: when the battery is charged
(lithiation process), lithium ions embed in the silicon-based anode and
undergo an alloying reaction. One silicon atom forms alloy with up to
4 lithium atoms, causing silicon to expand by approximately 300% in
volume; when the battery is discharged (de-lithiation process), lithium
ions are removed from the silicon anode, causing it to contract.
Through the repeated cycling, silicon particles crack and the initially
intact electrode structure suffers severe degradation. Furthermore,
cracking and exposes fresh silicon surfaces to the electrolyte, initiating
further SEI formation and consumes electrolyte and lithium ions,

resulting in rapid capacity fading. '

Researchers are pursuing various strategies to address these
limitations, including nanostructuring of silicon to better
accommodate volume changes, creating silicon-carbon composites,
engineering porous structures, applying protective surface coatings,
and developing specialized polymer binders. Each approach aims to
maintain electrical connectivity, structural integrity, and SEI stability

throughout repeated charge-discharge cycles.



2.1.8 Strategies for overcoming silicon anode
limitations

2.1.8.1 Nanostructuring
Nanostructuring represents a fundamental approach to mitigating
silicon's volume expansion issues by creating architectures that can
better =~ accommodate  the  mechanical stresses  during
lithiation/delithiation cycles. Various silicon nanostructures including
nanoparticles, nanowires, nanotubes, and nanosheets have
demonstrated improved cycling stability compared to bulk silicon.”!%-
2The reduced dimensions provide shorter lithium diffusion pathways
and better mechanical integrity during cycling, helping to alleviate the
pulverization problem inherent to bulk silicon. The underlying
physical principle governing this approach is size-dependent fracture
mechanics. For crystalline silicon, this critical fracture diameter is
approximately 150 nm; below this threshold, the nanoparticles can
withstand the volume expansion without structural failure.”!
Interestingly, for amorphous silicon this critical threshold is estimated
at around 850 nm.!® By maintaining the active material dimensions
below these critical sizes, silicon nanoparticles, nanowires, and
nanotubes demonstrate much improved cycling stability compared to

bulk silicon.

However, research indicates that while nanotechnology enables
improved cycling stability, the high surface area of these
nanostructures cause side reactions with the electrolyte, leading to
continuous and unstable SEI formation. 2Furthermore, the specialized
synthesis methods required to produce nanostructures often involve
complex, high cost manufacturing processes that limit their

commercial viability.
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2.1.8.2 Silicon-carbon composite strategies

Silicon-carbon composites represent one of the most promising
strategies to overcoming silicon anode limitations. These hybrid
materials leverage carbon's excellent electrical conductivity,
mechanical flexibility, and chemical stability to compensate for
silicon's deficiencies. The incorporation of carbon materials ranging
from amorphous carbon to structured graphene and carbon nanotubes
provides essential conductive networks while buffering silicon's

volume changes during cycling.

Among the most extensively studied strategies, silicon-carbon (Si/C)
composite architectures have shown potential for improving both
anode performance and mechanical stability. Si/C core-shell structures
protect silicon particles with carbon coatings that enhance
conductivity while providing mechanical support.2?Yolk-shell
configurations create void spaces between silicon cores and carbon
shells, allowing silicon to expand without damaging the outer
structure.?* Three-dimensional networks incorporating silicon within
carbon matrices maintain electrical connectivity throughout the

electrode even as silicon undergoes volume changes.?2¢

Graphene has emerged as an effective carbon component in silicon
composites due to its good electrical conductivity, high specific
surface area, and excellent mechanical properties. ¥?When properly
integrated with silicon, graphene sheets enhance electrical
conductivity throughout the electrode while acting as mechanical
buffers against silicon volume expansion, considerably improving
cycle life performance.?”? Similarly, carbon nanotubes create efficient
electron transport pathways while maintaining structural integrity
during cycling. These silicon-carbon composites effectively address

multiple challenges simultaneously: improving electrical conductivity,
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mitigating volume expansion effects, stabilizing the SEI layer, and

enhancing mechanical integrity during cycling. 230

2.1.8.3 Porous architectures

This engineering approach is based on strategy for accommodating
silicon's volume expansion by creating deliberate void spaces within
silicon-carbon structures. This approach has been implemented
through various techniques, for example Yolk-shell structures that
create void spaces between silicon cores and carbon shells, wherein
silicon can expand without damaging the outer structure.®® During
lithiation, the silicon expands into these void spaces rather than
breaking the protective carbon shell, preserving the electrode's
structural integrity. When combined with carbon coatings or matrices,
these porous architectures greatly improve cycling stability.®
However, the creation of void spaces can often reduce volumetric
energy density, requiring careful optimization to balance volume
accommodation benefits with practical energy density requirements

for commercial applications.?

2.1.8.4 Surface and interface engineering

Surface and interface engineering focuses on establishing stable
interfaces between silicon and surrounding components to enhance
overall electrode performance.®% Effective surface modifications
address multiple silicon challenges, they stabilize the SEI layer,
improve electrical contact, enhance mechanical integrity, and prevent
continuous electrolyte decomposition. Various materials have been
investigated for silicon surface modification. Metal oxides such as SiO,
create protective layers that stabilize the SEI and improve cycling
performance. 3¢¥Conductive polymers enhance electrical connectivity
while providing mechanical flexibility to accommodate volume
changes.?*Carbon based coatings combine improved conductivity

with material stability. Advanced interface engineering approaches

12



include self-healing polymers that recover mechanical integrity
during cycling. These interface modifications greatly improve initial

coulombic efficiency and long-term cycling stability.3

Research demonstrates that effective interface engineering can
increase initial coulombic efficiency from below 70% to over 85%,
while simultaneously improving cycling stability from fewer than 100
cycles to several hundred cycles at practical current densities. *°This
substantial performance enhancement highlights the critical
importance of surface and interface considerations in developing

viable silicon anodes.?°

2.1.8.5 Binder optimization and electrolyte engineering
Binder systems play a crucial role in maintaining electrode integrity
during the extreme volume changes of silicon anodes. Conventional
polyvinylidene fluoride (PVDF) binders used in graphite anodes
prove inadequate for silicon due to their limited mechanical flexibility
and insufficient adhesion strength. This limitation has driven
development of advanced binder systems specifically designed for

silicon anodes.

Water-soluble polymeric binders including carboxymethyl cellulose
(CMC), polyacrylic acid (PAA), and alginate have demonstrated
superior performance with silicon anodes compared to traditional
PVDE. These binders establish stronger chemical bonds with silicon
surfaces while providing mechanical flexibility to accommodate
volume changes. Cross-linked polymer binders further enhance
mechanical properties by creating three-dimensional networks that

maintain electrode integrity during cycling.+-3

Conductive binders represent another innovation, combining the

mechanical functions of traditional binders with electronic
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conductivity enhancement, reducing the need for additional
conductive additives. Self-healing binders incorporate dynamic
chemical bonds that can reform after breaking, maintaining electrode

cohesion despite repeated volume changes during cycling.*

Electrolyte engineering complements these approaches by creating
chemical environments that favor stable interfacial reactions.
Fluoroethylene carbonate (FEC) and vinylene carbonate (VC)
additives promote formation of more stable SEI compositions on
silicon surfaces. Advanced electrolyte formulations with optimized
salt concentrations and solvent compositions can significantly
improve cycling performance by modifying SEI composition and
stability 4546

While various strategies collectively address silicon anode challenges,
nanostructuring, especially use of Si NPs below critical size remains
the one of the most effective approach to mitigate silicon’s
fundamental problem i.e. volume expansion and cracking. The reason
can be explained by Griffith’s energy criteria.  According to Griffith's
energy criterion, a crack will only form and propagate if the release of
stored elastic strain energy is greater than or equal to the energy
required to create new crack surfaces. During the massive ~300%
volume expansion of lithiation, a silicon particle accumulates elastic
strain energy, which scales proportionally with its volume (r%).
Conversely, the energy required to create a new crack surface scales
only with the cross-sectional area (r?).Experiments indicate that this
critical fracture threshold is approximately 150 nm 2'for crystalline
silicon and up to ~850 nm #for amorphous silicon. Below these sizes,
silicon does not crack, even though there is extreme volume
fluctuations during cycling. Despite the advantages, most
nanostructured silicon designs remain constrained to laboratory-scale

demonstrations due to complex fabrication processes, high costs, and
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limited throughput. These constraints hinder their industrial
adaptation for large-scale lithium-ion battery production. Thus,
achieving scalable synthesis of nanostructured silicon particularly

nanoparticles remains a critical gap in materials engineering.*-

2.1.9 Existing methods for NPs synthesis and
challenges in scalability

The transition from laboratory demonstrations to industrial
implementation represents a critical bottleneck in the development of
silicon based lithium-ion batteries. Many innovative approaches that
show impressive performance in research settings but lack industrial

adaptation.

Two prominent techniques used for silicon nanoparticles (Si NPs)
production are Chemical Vapor Deposition (CVD) and Physical Vapor
Deposition (PVD). CVD is avacuum deposition method used to
produce high-quality and high-performance solid materials. In typical
CVD, a substrate is exposed to one or more volatile precursors, which
react and/or decompose on the substrate surface to produce the
desired deposit. The solid materials produced by CVD processes
include silicon, graphene, fluorocarbons, filaments, tungsten, and
titanium nitride. The most employed method to create silicon NPs is
called the Siemens process, which is a CVD method that uses

trichlorosilane (SiHCls) as feed gas to produce polysilicon. 552

The involvement of silane or silane derivatives as a precursor pose
high environmental and safety risks. Due to the flammable and toxic
nature of silane, the CVD processes require special handling care and
expensive instrumentation. Furthermore, this method to produce Si
NPs has a low efficiency, and constitute a non-continuous production

process with high production costs and high energy consumption.*
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Physical Vapor Deposition (PVD) relies on the physical
transformation of solid silicon into vapor and its subsequent
condensation. Common PVD techniques include thermal evaporation,
sputtering, and laser ablation. Physical Vapor Deposition (PVD)
encounters challenges such as very stringent vacuum requirements,
complex and costly equipment setup and operational expenses. PVD
techniques generally demonstrate lower deposition rates potentially

limiting industrial production feasibility.>

Alternative techniques include solution-based techniques such as sol-
gel processing® and colloidal synthesis offer cost-effective routes that
can produce Si NPs with size control through surfactant-mediated
growth.® However, these methods frequently encounter challenges
like particle agglomeration, impurity incorporation from residual
solvents or unreacted precursors, and the necessity for additional
post-synthesis treatments to achieve the desired crystallinity. °7
Additionally, plasma based methods are utilized to produce silicon
NPs. Plasma-enhanced synthesis employs ionized gases to dissociate
silicon precursors into reactive species that nucleate into nanoparticles.
Plasma processes enable precise size control (3-30 nm) through
adjustments in power, pressure, and gas composition. The high-
energy environment ensures minimal contamination, suitable for
optoelectronic devices.’®* However, high operational costs associated
with energy-intensive plasma generation Additionally, low yield and
possibility of nanoparticle aggregation in the plasma chamber limits
industrial scalability.®® While conventional methods have advanced
SiNP synthesis, their limitations such as hazardous precursors, energy
inefficiency, scalability constraints, and impurity issues hinder
widespread adoption. These challenges underline a critical gap in
materials engineering i.e. the need for a scalable, safe, and

economically viable synthesis strategy.!”
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3 Experimental methodology

This chapter describes the synthesis, fabrication, and characterization
methods employed to develop silicon-nanographite (Si/NG)
composite anodes. The materials, preparation protocols, and
analytical techniques are elaborated to provide a comprehensive

understanding of the methodology.

3.1 Materials and synthesis protocols

This section describes the raw materials and the specific synthesis
routes for nanographite (NG) and silicon (Si) composites used across

the various papers.

3.1.1 Nanographite synthesis

Nanographite (NG) used in Papers LILIV,V and VI was synthesized
via a tube-shear exfoliation process. This method is optimized for
large-scale production, offering low energy consumption (~10 Wh/g)
and high throughput (>500 g/h). The process exfoliates expanded
graphite into flakes with thicknesses of <100 nm and lateral
dimensions in the micrometer range. This produces a mixture of
graphene, multilayer graphene, and graphite nanoplatelets possessing
excellent electrical conductivity (sheet resistance <1.75 Q/sq). For the
rest of the papers discussed in this thesis, NG was synthesized using
this exact process and utilized without further modification.®! In Paper
III, commercial battery-grade NG (particle size <500 nm, Xiamen Tob

New Energy Technology Co., Ltd.) was used instead.

3.1.2 Silicon and polymer components

Two variants of silicon powder were utilized:

Micron-sized Si: ~1 um particles, obtained from VestaSi Europe AB is
utilized in Paper I,LIV,V and VI

17



Silicon Nanoparticles (Si NPs): ~100 nm particles, obtained from

Sigma Aldrich, utilized in Paper II and Paper III.

For the polymeric components, polyvinyl alcohol (PVA, MW 9,000-
10,000) and sodium alginate were purchased from Sigma Aldrich
(Paper I and Paper II). These binders were selected for their water

solubility, adhesive strength, and ability to form robust hydrogels.

For Paper III, polyvinylidene fluoride (PVDF) served as binder, N-
methyl-2-pyrrolidone (NMP) as solvent, activated charcoal (AC) as
conductive additive, and black sucrose powder (BSP) as a pore-

forming agent.

3.2 Preparation of Si NG composite anodes

3.2.1 Aerogel synthesis route (One-Pot method)

To prepare the highly porous Silicon-Nanographite Aerogel (SNGA)
composite, a three-step route was employed. The schematic
representation of this one-pot synthesis method is shown in Figure 4.

The process involves,

Dispersion and mixing: Silicon powder was dispersed into an
aqueous polymer solution (PVA or sodium alginate) under vigorous
stirring to ensure a homogeneous mixture. Exfoliated NG was

simultaneously introduced to form a uniform Si/NG suspension.

Hydrogel formation: The suspension was heated to 90 °C under
continuous stirring to induce gelation. This step enhanced the
polymer's crosslinking capability, creating a robust 3D network. As
the mixture cools, this crosslinked network solidifies and retains its

water content as a stable hydrogel.

Aerogel conversion: The resulting hydrogels were freeze-dried and

subsequently pyrolyzed in a tube furnace at 800 °C for 2 hours under
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a nitrogen atmosphere. This process carbonized the polymer matrix,
yielding the final porous Si/NG aerogel (SNGA) within which silicon
nanoparticles were formed in situ on the nanographite flakes during

thermal treatment.

The suspension was heated
at 90°'C with continuous
stirring

SNGANG:Binder Doctor Blade Coating
/1 % 3:6:1
PASTE
AEROGEL ¢ Codrps
RE-Mix "TiING oF

Ei
Furnace | WITH More ECTRopE
800'c GCRAPHENE ———
—
—_—

Figure 4 Graphical representation of One Pot Synthesis Method described in Paper
|. 62

Electrode paste preparation and coating: The as-synthesized SNGA
was re-mixed with additional nanographite (NG) and a binder in a
weight ratio of SNGA:NG:Binder = 3:6:1 to form a homogeneous
electrode paste. The additional NG serves as an extended conductive
network, improving the overall electronic conductivity of the
electrode beyond what the aerogel alone provides. This paste was then
cast onto a copper current collector using the doctor-blade technique
to produce the final electrode coating. The electrodes were

subsequently dried and pressed before cell assembly.

3.2.2 Direct slurry-cast route (Paper lll)
In parallel with the aerogel method, direct slurry-cast composite
electrodes were prepared to establish a comparative baseline. Two

different types of anodes were formulated:

Si NPs anode: A mixture of Si NPs, AC, BSP, and PVDF was combined
in NMP at a weight ratio of 70:10:10:10.
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Si NG composite anode: Si NPs, NG, AC, BSP, and PVDF were mixed
in NMP at a weight ratio of 50:20:10:10:10.

Both formulations were subjected to continuous stirring for 36 hours
at 1000 rpm using a magnetic stirrer to achieve a uniform, highly

viscous slurry.

3.2.3 Electrode coating (Doctor-blade)

For standard anode preparation across Papers I, II, and III, the doctor-
blade method was employed due to its simplicity, reproducibility, and
compatibility with scalable manufacturing. In this technique, a sharp
blade set at a precise height is drawn linearly across a copper foil
substrate, depositing a thin, uniform wet film of electrode slurry that

dries to the target thickness.
Paper 1

The SNGA electrode slurry was prepared by mixing SNGA,
nanographite (NG), and sodium alginate binder in a weight ratio of
60:30:10 in distilled water using an Ultra-Turrax T25 at 10,000 rpm for
60 minutes. The slurry was then doctor-blade coated onto copper foil
to achieve a mass loading of 1 mg cm™. Sodium alginate was selected
as the binder due to its rich carboxylate group content, high Young's
modulus, and electrochemical stability, which collectively enhance

Coulombic efficiency, specific capacity, and cycling stability.
Paper I1

Following the same aerogel fabrication route but using sodium
alginate as the polymer matrix (replacing PVA) and silicon
nanoparticles (<100 nm, replacing microparticles), the SNGA was

remixed with NG and sodium alginate binder in a weight ratio of
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60:30:10. The slurry was coated onto copper foil at a mass loading of 1

mg cm2 and assembled into half-cells for electrochemical testing.
Paper III

For the Si NPs and SiNG composite electrodes, a PVDF-based
slurry (see Section 3.2.2) was prepared by dissolving Si NPs (<100 nm),
activated charcoal (AC), black sucrose powder (BSP), and PVDF in
NMP at a weight ratio of 70:10:10:10. For the SiNG composite anode,
Si NPs, NG, AC, BSP, and PVDF were mixed in NMP at a weight ratio
of 50:20:10:10:10. In both cases, the slurry was stirred at 1000 rpm for
36 hours to ensure a homogeneous, uniform consistency before doctor-
blade coating onto copper foil. The coated electrodes were then dried
at 100 °C in a vacuum oven for 12 hours to completely evaporate the
NMP solvent, yielding circular disc electrodes (16 mm diameter) with
a mass loading of ~2.01 mg cm™. BSP was added to increase anode

porosity, while activated charcoal served as a conductive additive.

3.2.4 Two-Pot furnace method (Paper IV and Paper
V)
To decouple precursor generation from nanoparticle deposition, a
two-pot furnace method was developed. In this method, a copper foil
was first cut into 13 mm diameter circular discs and coated with NG
(I mg/cm?) to act as the substrate in Pot B. Pot A contained the
precursor material (either a Si/PVA mixture or pure Si powder treated
with H; gas). Both pots were placed in a tube furnace separated by a 3
cm distance and heated to 800 °C under an inert atmosphere. The
volatile silicon intermediates generated in Pot A deposited directly
onto the NG-coated copper discs in Pot B, creating an in situ working

electrode without the need for additional polymeric binders.
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3.3 Half-cell assembly

Half-cell assemblies were fabricated inside an argon-filled glove box
(H2O <0.1 ppm and O, <0.1 ppm) using lithium metal foil as both the
reference and counter electrode. The electrolyte used across the
studies was LP40: 1 M LiPF; in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) in a 1:1 weight/volume ratio. Celgard
2325 (25 pum thickness) or Whatman filter paper was used as the

separator.

3.3.1 Pouch cell assembly (Papers |, II, IV and V):

The half cells of these electrodes described in Paper I, Paper II, paper
IV and paper V was carried out in the pouch format were assembled
in a glove box filled with highly pure argon gas (H20 < 0.1 ppm and
02 < 0.1 ppm). Lithium foil of thickness 125 um from Cyprus Foote
Mineral was used as reference and counter electrode. The electrolyte
used was LP40i.e., LiPF6 (1 M) in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) in a 1:1 weight ratio. Celgard 2325 with a

thickness of 25 um was used as a separator. ©26°

Assembly procedure for pouch cells

The schematic of the preparation of the half-cell in pouch format for
the electrodes described in Paper I and Paper II is shown in Figure 5.
In a standard procedure, the anode, the separator, and the cathode are
placed above each other as shown in Figure 4. The electrolyte was
added to the separator. Copper foil stripes used as a current collector
are placed below the anode and above the cathode, making sure that
the anode and cathode will have proper contact with the current
collector without causing a short-circuit. This assembly was packed in
a battery case (prepared using foil consisting of PET 12 um / A1 9 um
/ PE 100 pm) using Multivac vacuum chamber C100 inside the glove

box.
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Figure 5 The schematic of the preparation of the half-cell in pouch cell format

3.3.2 Coin cell assembly (Papers Il )

CR2032 coin cells were assembled by stacking the coated copper anode,
separator, and lithium foil. Stainless steel spacers and springs were
added to ensure uniform pressure before the cells were tightly sealed

using a manual crimping machine.

Assembly procedure for coin cells (Paper Il )

For half-coin cell fabrication, CR2032 coin cells, 1M Lithium
hexafluorophosphate (LiPF6) electrolyte (in a 1:1 weight ratio of
ethylene carbonate to diethyl carbonate), lithium metal foil (0.6mm
thickness), and Whatman filter paper (as a separator) were used. All
chemicals were purchased from Sigma-Aldrich and used without

further purification.
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Figure 6 The schematic of the preparation of the half-cell in coin cell format

The coin cell assembly followed these steps. The components were
stacked in the order shown in Figure 6. Anode material is coated on
copper foil and used as the working electrode. A Celgard 2325
separator soaked with LP40 electrolyte placed on top of the anode.
Lithium metal foil (125 pm) as both reference and counter electrode
placed on top of the separator. Stainless steel spacers and springs were
added to ensure uniform pressure across the cell components. The
entire assembly was enclosed in the casing. The coin cells were
crimped tightly using a manual crimping machine to maintain proper

contact between all layers.
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3.4 Material characterization
3.4.1 Electron microscopy (SEM & TEM)

The microstructure and surface morphology of the electrodes were
investigated using a Field Emission Scanning Electron Microscope
(FESEM; MAIA3, TESCAN) equipped with an Oxford Instruments X-
Max 80NT SDD detector for Energy Dispersive X-ray Spectroscopy
(EDS).Transmission Electron Microscopy (TEM) was utilized to
interpret the crystal structure. A Tecnai F30 Microscope operating at
300 kV was used for Paper I, while a JEOL JEM-2100 high-resolution
analytical TEM operating at 200 kV, equipped with an EDS detector,

was utilized for Paper III.

3.4.2 X-ray diffraction (XRD) and Raman
spectroscopy

Structural characterization to determine crystallinity and phase purity

was conducted using X-ray diffraction (XRD, Bruker D2 phaser).

Raman spectra of the samples were obtained using a Horiba XploRA

PLUS Raman microscope (laser excitation at 532 nm) in a frequency

range of 50-3000 cm™.

3.4.3 Thermal and gas analysis (TGA & TGA-MS)
Thermogravimetric Analysis (TGA) was performed using a Mettler
Toledo TGA-1 instrument to calculate the weight percentage of silicon
in the SNGA structure (Paper I).

To identify the gaseous intermediates responsible for Si NP formation
(Paper 1V), TGA coupled with Mass Spectrometry (TGA-MS) was
performed using a Netzsch STA 449 F1 Jupiter at a heating rate of 10
°C/min under an N»/Ar gas flow up to 800 °C, coupled with a Netzsch
QMS 403C for emitted gas analysis.
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3.4.4 Post-mortem analysis (Paper lll)

To correlate electrochemical degradation with structural changes, a
dedicated post-mortem analysis was performed on fully lithiated cells.
The coin cells were disassembled inside an argon-filled glove box, and
the extracted electrodes were sealed in separate plastic bags to prevent
atmospheric exposure. Post-mortem XRD and FE-SEM were utilized
to investigate solid-electrolyte interphase (SEI) layer formation,

electrode cracking, and lithium-silicon alloy phase persistence.

3.4.5 Image analysis

To extract quantitative data from the large SEM imaging dataset, a
custom-developed MATLAB program was employed. Particle
diameters and area coverage were measured using a custom MATLAB
program designed for optimal thresholding, shape filtering, and

segmentation over large datasets.
The sequential steps of the image segmentation protocol are.

Image pre-processing (denoising/sharpening): The raw SEM
images initially exhibit background noise and charging artifacts.
Raw SEM images were initially processed using a Non-Local
Means (NLM) filter. This algorithm effectively reduced high-
frequency imaging noise and charging artifacts while preserving

critical particle boundary details.

Bandpass filtering: To isolate the nanoparticles from large-scale
background intensity variations (such as uneven lighting, a
bandpass filter is applied. This step suppresses low-frequency
background signals while highlighting the high-frequency

edges of the nanoparticles.
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Background subtraction: The filtered image undergoes
adaptive background subtraction, establishing a uniform

baseline intensity across the entire field of view

Binarization and filling (filled image): The enhanced image is
converted into a binary mask using an automated thresholding
algorithm. Morphological operations, including hole-filling, are
applied to ensure that each detected particle is represented as a

solid, continuous geometric area.

Particle detection and filtering: Finally, shape-filtering criteria
(e.g., circularity, eccentricity) are applied to the binary mask to
isolate valid spherical nanoparticles. The algorithm outputs a

tinal image with the detected particles highlighted.

3.4.6 Electrochemical measurements

Cyclic Voltammetry (CV): Cyclic voltammetry measurements were
performed using a VersaSTAT 4 potentiostat by sweeping the cell
potential between 0.01 and 2.0 V at a scan rate of 0.1 mV s™! and then
reversing the scan to complete a full electrochemical cycle. This
technique was used to identify the lithiation and delithiation reactions,
the formation of the solid electrolyte interphase (SEI), and the

reversibility of the electrochemical processes during repeated cycling.

Galvanostatic charge-discharge (GCD): GCD tests were performed
using a LabVIEW-based PXI system to measure specific capacity,
cyclic stability, and Coulombic efficiency across various current
densities. During this test, the voltage response of the cell was
recorded as a function of time, which gives specific capacity,
coulombic efficiency, and cycling stability of the electrodes at different

current densities.
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Electrochemical impedance spectroscopy (EIS): EIS measurements
were conducted within a frequency range from 0.01 Hz to 1 MHz at an
amplitude of 10 mV using a Versastat4 Potentiostat. In this technique,
a small alternating voltage perturbation is applied to the cell, and the
resulting current response is measured over a wide frequency range

to determine the impedance behavior of the electrode system.

The total impedance of an electrochemical cell is a frequency-
dependent combination of multiple resistance and capacitance
components. These components can be modeled using an equivalent

circuit and generally consist of four primary elements:

Series resistance: This represents the pure ohmic resistance of the cell,
typically observed at the highest frequency range. It is the sum of the
electronic resistances of the active materials, current collectors, and
external electrical contacts. Because it does not depend on
electrochemical reactions, it appears as a pure resistor in equivalent

circuit models.

Solid electrolyte interphase (SEI) resistance: As the battery operates,
the decomposition of the electrolyte forms a passivating SEI film on
the surface of the anode material. The SEI resistance measures how
hard it is for lithium ions to migrate through the passivating SEI film

and reach the active material.

Charge transfer resistance: This is the kinetic resistance of the actual
electrochemical reaction, and it measures how difficult it is for the Li*

ion to intercalate or alloy itself into the silicon or graphite lattice.

Warburg impedance: This represents solid-state diffusion, how fast
the lithium ions can physically diffuse inside the bulk of the solid
silicon/graphite particles. In a typical Nyquist plot, this diffusion-
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controlled process is represented by the inclined straight line (tail) in

the low-frequency region.
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4 Results

The study conducted in this thesis focused on developing a simple,
cost-effective process to fabricate composites of silicon NPs and
nanographite suitable for battery applications using low-cost raw

materials.

4.1 A simple furnace method that produces
battery anode composites containing
silicon nano particles and micro particles.

In a first study, utilizing the one-pot method described in chapter 3,
we used low-cost micro-silicon powder (~1 pm), nanographite and
polyvinyl alcohol (PVA as starting materials. The silicon powder was
first dispersed into an aqueous PVA solution under vigorous stirring,
after which nanographite was added to form a uniform Si/NG
suspension. The suspension was heated to 90 °C to induce gelation,
forming a stable hydrogel in which the Si and NG particles were
uniformly entrapped within the crosslinked PVA network. The
hydrogel was subsequently freeze-dried and heat-treated in a tube
furnace at 800 °C for 2 hours under a nitrogen atmosphere to form a
silicon-nanographite aerogel (SNGA).The initial hypothesis behind
preparing the aerogel structure was to engineer a porous structure
with enough void space to allow the silicon particles to expand and
contract without cracking. However, morphological analysis of the
resulting SNGA structure using SEM revealed an additional, highly
beneficial phenomenon: the in-situ growth of silicon nanoparticles
directly attached to the nanographite flakes. To evaluate this material,
the final electrodes were prepared by mixing the synthesized SNGA

with additional nanographite and a sodium alginate binder.
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The morphology and distribution of the active materials within the
electrode structure were initially characterized by SEM. The SEM
images of the electrode structure are shown in Figure 7a—c. In these
micrographs, the bright (white) spherical dots correspond to the
silicon nanoparticles (Si NPs), while the darker (black), underlying
surface represent the nanographite (NG) flakes.

Figure 7d shows a bright-field transmission electron microscopy (TEM)
image of the composite, revealing the uniform presence of the small,
dark, spherical silicon nanoparticles across the nanographite
sheets.(dark black spots) Energy Dispersive X-ray Spectroscopy (EDS)
conducted simultaneously with the TEM measurements confirmed a
strong Si Kalpha peak confirming that these NPs are composed of
silicon. To confirm the crystallography of the composite, Selected Area
Electron Diffraction (SAED) was performed on the region shown in
Fig. 7d.

Figure 7e displays the resulting SAED pattern, which exhibits a diffuse
rings and discrete diffraction spots. The diffuse rings with measured
d-spacing of 0.213nm, 0.121 nm and 0.105 nm corresponds to (002),
(100), (110) and (201) planes of graphite respectively. In contrast, d
spacing of 0.1924 nm, to the (220) crystal planes of silicon implying

presence of nanographite and silicon.®?
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Figure 7 SEM and TEM images of the electrode.??(data derived from Paper I).

For further comparison, the structure of only nanographite was
further characterized by TEM. The TEM images of nanographite
aerogel (nanographite + PVA) structures were taken for comparison
(Figure 8). From the TEM images, these structures do not show the
presence of any nanoparticles(dark black spots) on the nanographite
flakes. This comparison confirms that the initial micron-sized silicon
undergoes a transformation during the thermal heating process in the

presence of PVA to form the observed silicon nanoparticles.

32



Figure 8 TEM images of nanographite aerogel structures.®?(data derived from Paper
1).

The electrochemical behavior of the SNGA/NG electrode was
evaluated using cyclic voltammetry (CV) between 0.01 and 2.0 V. A
distinct cathodic peak between 0.78 V and 0.46 V in the first cycle
indicated the formation of a solid-electrolyte interphase (SEI) layer,
which stabilized in subsequent cycles. Galvanostatic charge-discharge
testing at a current density of 100 mA/g demonstrated an initial
discharge capacity of 1050 mAh/g and a charge capacity of 1072.2
mAh/g, yielding an initial coulombic efficiency of 97.9%. In
subsequent GCD tests, the SNGA/NG electrode consistently
maintained higher specific capacities compared to baseline NG
(nanographite) and SNG (silicon-nanographite without the thermal
treatment) indicating that the in-situ grown silicon nanoparticles were

actively participating in the battery's electrochemical performance.

Extended GCD tests (Figure 9) demonstrated that the SNGA/NG
electrode maintained a specific capacity of 455 mAhg™ after 200 cycles.
Based on calculations from SEM images, the area of the NG flake
covered by silicon NPs was correlated and translated into mass. These
results indicate that the initial capacity fade during early cycles was

due to the degradation of the unreacted micron-sized silicon powder
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present in SNGA composite while the long term stable electrochemical

performance is driven by the in-situ grown silicon nanoparticles.
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Figure 9 Comparison of specific capacities for different electrode compositions
(SNGA/NG, pure NG, and SNG) during initial galvanostatic charge-discharge
cycling 6 (data derived from Paper I).

We achieved an improved specific capacity with the furnace treated
SNGA/NG composite using large silicon particles of which a fraction
was converted to nanosized silicon particles via thermal heating. The
rapid degradation of specific capacity of the furnace treated
SNGA/NG composite in later cycles was due to the fracture of

unreacted larger silicon particles during cycling.

4.2 Studies of composites of silicon NPs and

nanographite as lithium ion battery anode
We studied the effect of silicon nanoparticles in lithium ion battery
anodes by evaluating the storage capacity and the structural stability

of anodes synthesized from commercial nanosized silicon particles. In

a study we used silicon nanoparticles (particle size <100 nm, Sigma-
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Aldrich) and nanographite (NG) were dispersed in a 1.5 wt% sodium
alginate aqueous solution. Silicon (0.125 g) was added to 100 mL of the
sodium alginate solution together with 0.5 g of nanographite, and the
suspension was vigorously mixed using an Ultra-Turrax T25 at 10,000
rpm. This formulation introduces sodium alginate , a natural and low-
cost polymer, to bind the silicon-nanographite (SiNG) aerogel
composite and improve its mechanical resilience. To evaluate how
these parameter changes affect electrode composition and
electrochemical ~ performance, a  comprehensive  material

characterizations and electrochemical measurements were performed.

To determine the material composition of the modified aerogel (AG)
structure, thermogravimetric analysis (TGA) was conducted in both
nitrogen and oxygen atmospheres. The analysis confirmed that the
final composite electrode formulation consisted of 9.55 wt% silicon,
12.19 wt% sodium alginate, and 68.23 wt% nanographite. X-ray
diffraction (XRD) patterns revealed that the silicon-nanographite
matrix was surrounded by a protective layer of carbon that suppressed
crystalline silicon peaks, while X-ray photoelectron spectroscopy (XPS)
verified that no silicon carbide (SiC) phase formed during thermal

treatment.

Scanning electron microscopy (SEM) was used to assess the
morphological differences between the pure nanographite (NG)
electrodes and the synthesized AG electrodes. The micrographs
depicted in Figure 10, showed that the AG electrode possessed a
highly porous architecture. This specific microstructured aerogel
design successfully minimizes the high surface area of the
nanoparticles exposed directly to the electrolyte, thereby curtailing

unwanted side reactions and preventing nanoparticle agglomeration.
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Figure 10 SEM images of the AG (a, b) and NG electrodes (c, d) respectively.®3(data
derived from Paper Il)

To evaluate the electrochemical stability of the silicon-nanographite
aerogel (AG) anode, cyclic voltammetry (CV) was performed between
0.01 and 2.0 V (vs. Li/Li*) at a scan rate of 0.1 mV s™.. The CV profiles
(Figure 11) show almost overlapping peaks for the lithiation and
delithiation from the 1st cycle through the 5th cycle, indicating a
highly reversible reaction. Furthermore, the CV curve for the 181st
cycle closely overlaps with the initial cycles, exhibiting same peak
positions and similar currents. This overlap indicate the good

structural stability of the aerogel and the formation of a highly stable
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Solid Electrolyte Interphase (SEI) layer, which prevents continuous

electrolyte degradation and silicon pulverization during long-term

cycling.
0.0015 -
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0.0010 —— 3" cycle
——4" cycle
—— 5" cycle
5-'0.0000
-0.0005
-0.001
0.0 0.5 1.0 1.5 2.0

E (V) vs. Li/Li

Figure 11 Cyclic voltammograms of the AG electrode at a scan rate of 0.1 mV
s' for the 1st cycle, 2nd cycle, 3rd cycle, 4th cycle, 5th cycle, and 181st
cycle.83 (data derived from Paper I1).
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Electrochemical impedance spectroscopy (EIS) was employed to
investigate the interfacial reaction kinetics, SEI stability during
prolonged cycling. The resulting Nyquist plots (Figure 12) show the
dynamic changes in the internal resistance of the battery at different
cycles. As shown in Figure 12a, the pristine electrode before cycling
exhibits a large, broad semicircle in the high-to-medium frequency
region. This large diameter indicates a high initial charge transfer
resistance (Rct), which is usual for a fresh electrode prior to complete

electrolyte penetration and electrochemical activation.

After the first 5 charge/discharge cycles (Figure 12b), the high-
frequency intercept (Rs), which represents the series resistance of the
cell, shifts slightly to the lower resistance side, indicating that the
liquid electrolyte has thoroughly wetted the electrode. Simultaneously,

the total interfacial resistance, that now comprising of both the newly
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formed solid electrolyte interphase resistance (Rser) and the charge
transfer resistance (R«), decreases significantly. The semicircle
diameter reduces from approximately 80 2 down to nearly 30 Q. This

indicate the formation of a stable, ionically conductive SEI layer.

During extended cycling (Figure 12c and Figure 12d),the diameter of
the semicircles slightly decreases to approximately 25 () after 100
cycles and remaining almost similar through 200 cycles. This slight
decrease suggests an improvement in ionic conductivity. Furthermore,
the inclined straight, representing the Warburg Impedance, remains
consistent after long term cycling. This indicate that the diffusion of
lithium ions through the bulk electrode remains efficient and

unobstructed, even after 200 full charge/discharge cycles.

The cycling performance of the electrode at different current densities
was tested. The discharge capacity of the electrode was much more
stable, and the capacity fading for the electrode is minimal at different
current densities and shows stable capacity during each discharge.
From the earlier study, it is believed that a fraction of silicon
microparticles are condensed and grow as nanoparticles on the
nanographite flakes during the thermal heating process contributing
to the better performance of the electrode, yet a large part of silicon
microparticles were part of the composite that eventually caused
capacity degradation after 200 cycles. In this study, we replaced silicon
powder with silicon nanoparticles and obtained much more stable
cyclic performance, showing the need for better conversion efficiency

of silicon powder to silicon nanoparticles.

In another study, we investigated whether commercial nanographite,
which possesses a more disordered structure can provide the required

stability to the electrode without the assistance of aerogel framework.
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The highly crystalline, tube-shear exfoliated nanographite used so far
within a sodium alginate aerogel structure demonstrated excellent
structural stability. Here commercial nanographite (particle size <500
nm, Xiamen Tob New Energy Technology Co., Ltd), possessing a more
disordered structure, was used in a study of anode composites made
of silicon nanoparticles and graphite. Silicon nanoparticles (<100 nm,
98% purity, Sigma-Aldrich) were combined with PVDF as binder,
activated charcoal (AC) as a conductive additive, black sucrose
powder (BSP) as a pore-forming agent, and NMP as solvent. Two
electrode formulations were prepared: a Si NPs anode (Si
NPs:AC:BSP:PVDF = 70:10:10:10 in NMP) and a SiNG composite
anode (Si NPs:NG:AC:BSP:PVDF = 50:20:10:10:10 in NMP), both
stirred at 1000 rpm for 36 hours

Scanning Electron Microscopy (SEM) was utilized to examine the
structural differences between the baseline silicon NP composite
electrode and the nanographite enhanced composite electrode. The
FE-SEM images (Figure 13a,b) of this Si NPs anode revealed a
structure composed of spherical clusters, formed by the aggregation
of individual nanoparticles ranging from 48 to 124 nm. The Si NPs
anode has sponge-like structure that has some porosity. In contrast,
the SING composite electrode (Figure 13d,e), which replaced 20 wt%
of the active silicon with commercial nanographite (50:20:10:10:10 ratio)
exhibited more complex morphology, a distinctly visible small and
large pores alongside nanographite (NG) flakes. BET surface area
analysis confirmed that this structural difference resulted in a larger
specific surface area for the SING composite (73.23 m? g-!) compared
to the Si NPs anode (61.89 m? g1), with a wider mean pore diameter
of 51.94 nm versus 38.50 nm, consistent with the more open porous
architecture observed by SEM. The effect of heterogenous porous

structure was estimated by GCD and Electrochemical testing.
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Figure 13 FE-SEM images of Si NPs anode: a 5 k, b 100 kX, ¢ EDX spectrum (Insets
show atomic percentages of elements). For SING composite anode: d 5 k, e 100 kX,
and f EDX spectrum (Insets show atomic percentages of elements) 4(data derived
from Paper IlI).

The Nyquist plots (Figure 14) were fitted using an equivalent circuit
model comprising the bulk resistance (Rs), the SEI resistance (R_SEI)
and charge-transfer resistance (Rcr) represented by two semicircles in
the medium-to-high frequency region, and a Warburg impedance
element in the low-frequency region reflecting lithium-ion diffusion
into the bulk electrode. A Constant Phase Element (CPE) was used in
place of an ideal capacitor to account for the rough, porous nature of

the electrode surface.
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Figure 14 The electrochemical impedance spectra (EIS) of a Si NPs and b SING
composite anode half-coin cells.®*(data derived from Paper IlI)

The bulk resistance values for the Si NPs (3.9 Q cm2) and the SiNG
composite (4.2 QO cm™) are comparable; However, the SING composite

exhibited a significantly lower Rgg;.Despite the higher charge transfer
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resistance, the EIS data reveals a steeper Warburg slope for the SING

composite.

The GCD experiments evaluated the capacity and cycling stability of
both anodes over 100 cycles. The Si NPs anode exhibited a high initial
specific capacity of 1568.9 mAh/g, which gradually decreased but
retained a strong 1137.6 mAh/g after 100 cycles, the SING composite
anode started with a higher initial capacity of 1780.7 mAh/g but
experienced a more considerable capacity fade,1297.5 mAh/g at the
100th cycle. However, SING composite demonstrated good cycling
stability after 50 cycles. Furthermore, the SING anode showed good
rate capability, retaining a high specific capacity of 1191.3 mAh/g even
at a high current rate of 3.79C. This enhanced high-rate performance
is attributed to the porous carbon matrix, which facilitates faster ion

diffusion and electron transport.(Paper III)

4.3 A two-pot furnace method that produces
battery anode composites containing
silicon nano particles

The one-pot method produced composites containing both silicon
nanoparticles and unreacted silicon microparticles, with the latter
identified as the main cause of long-term capacity fading due to
particle fracture during cycling. Early experiments used a mixture of
silicon micropowder and PVA in the one-pot setup. Silicon
nanoparticles formed on the nanographite substrate in these
experiments. When PVA was removed, no nanoparticles formed. This
showed that PVA played a key role in the process. It was suspected
that hydrogen released during PVA decomposition was key for NP
formation. New experiments were then carried out with and without
only hydrogen gas. With hydrogen, nanoparticles formed. Without

hydrogen, no nanoparticles formed.®? Hydrogen was therefore
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identified as the critical component driving nanoparticle deposition.

This finding led to the development of the two-pot furnace method.

In this setup (Figure 15), Pot A contained silicon micropowder as the
precursor source, while Pot B contained nanographite (NG) coated
onto a copper foil or silicon wafer substrate, placed downstream in the
same tube furnace. A flow of 3% H; in Argon was introduced at the
gas inlet, passed over the silicon micropowder in Pot A, and carried
the resulting silicon-containing volatile intermediates toward Pot B.
The system was heated to 800 °C and held for 2 hours. Volatile silicon-
containing intermediates generated in Pot A were carried by the gas
flow and deposited as silicon nanoparticles directly onto the NG
substrate in Pot B. Silicon microparticles are thus excluded from the

final electrode.

8oo0c@ 2 hr

3%H,in Gas
Argon [ - outlet
i P
[ ! 'I
f 1
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\ \

Silicon Micropowder NG on Cu foil or Si wafer

Figure 15 Two-pot method wherein pot A contains micron-sized silicon powder, pot B
contains NG (1 mg/cm? ) coated onto a copper substrate, and H2 gas is directly
injected into the furnace.55% (data derived from Paper IV and V).
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Figure 16 SEM image of NPs (small white dots in the picture) on NG flakes after
utilizing the two-pot furnace method.%5(data derived from Paper V)

The SEM analysis of direct H: treated sample also showed a highly
uniform distribution of spherical nanoscale particles successfully
deposited on the nanographite flakes (Pot B).(Figure 17 a,b) Elemental
mapping and line scans across individual nanoparticles produced
strong, distinct signals for silicon and oxygen, alongside the carbon
substrate. This confirmed that direct introduction of H, gas facilitates

the formation of Si NPs.(Figure 17c)
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Figure 17 (a) In-beam secondary electron (SE) SEM micrographs taken during EDS
mapping of the fabricated electrode prepared with the two-pot method and using Hz as
a precursor. (b) Elemental mapping derived from EDS analysis, illustrating the atomic
percentage of silicon (Si) and oxygen (O). (c) Elemental mapping derived from EDS
line scan analysis of an individual particle.®5(data derived from Paper V)

To benchmark the practical viability of these binder-free, in-
situ fabricated electrodes, comprehensive electrochemical
characterizations were performed in a half-cell configuration using
cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)

testing.

The CV curves for the direct H,-synthesized electrodes (Figure 18b)
demonstrated electrochemical activity that differed from bare NG
anodes. During the first cycle, a pronounced cathodic peak between
0.78 V and 0.5 V indicated the formation of a solid-electrolyte
interphase (SEI) layer. From the second cycle onward, a reduction
peak emerged between 0 V and 0.2 V, corresponding to the lithiation
of the newly deposited Si NPs. Furthermore, an obvious oxidation
peak at 0.3 V confirmed the highly reversible delithiation of the Li-Si
alloy.
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Figure 18 a) CV curves of half-cells prepared according to the two-pot method with
PVA precursor. (b) CV curves of half-cells prepared according to the two-pot method
with Hz precursor.%%(data derived from Paper V)

Galvanostatic Charge-Discharge (GCD) testing (Figure 19)
highlighted the superior stability achieved by fully excluding both
silicon microparticles and polymer binders from the final composite.
The half-cells synthesized using the direct H, precursor exhibited
good long-term stability. At a current density of 100 mAg, the direct
H, electrodes delivered an initial specific discharge capacity of 512
mAhg' and after 100 continuous cycles, the capacity remained very
stable at 503 mAhg.
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Figure 19 Specific discharge capacities of electrodes prepared according to the two-
pot method using PVA or H:z gas, for a current density of 100 mAg-'. (data derived
from Paper V)%

On the other hand the PVA-derived electrodes, suffered considerable
capacity fade (dropping to 301 mAhg-! by cycle 100), likely due to the

accumulation of unwanted residual decomposition products.

4.4 Studies of gasses produced in the
furnace experiments

This section presents the gaseous intermediates formed during the

two-pot furnace experiments. TGA-MS and GC-MS analyses were

used to identify the volatile silicon-containing species responsible for

Si NP deposition
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4.4.1 Investigation of the role of PVA and
hydrogen in nanoparticle formation

To identify the intermediates and elucidate the reaction mechanism
responsible  for silicon nanoparticle (Si NP) formation,
thermogravimetric analysis coupled with mass spectrometry (TGA-
MS) was performed. The study focused on identifying potential
silicon-containing volatile intermediates (such as silane derivatives
and silicon monoxide) emitted during the thermal heating process in
an inert atmosphere. The analysis was conducted on three samples,
Si+NG+PVA (mimicking the one-pot method), Si+NG (a PVA-free
reference to isolate the contribution of silicon and nanographite), and

pure PVA (to isolate the polymer's decomposition profile).
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Figure 20 a) TGA for the samples Si+NG+PVA, Si+NG, and pure PVA b) Mass
spectroscopy of sample Si+NG+PVA for sample masses 18, 28 ¢) Mass spectroscopy
of sample Si+NG+PVA for sample masses 30, 31, 32, 44 d) Mass spectroscopy of
sample pure PVA for sample masses 30, 31, 32, 44. 55(data derived from Paper 1V)

49



Figure 20 presents the TGA and TGA-MS results for three samples:
Si+NG+PVA, pure PVA, and Si+tNG. The TGA curves (Figure 20a)
show that both the Si+NG+PVA and pure PVA samples undergo
significant mass loss between 300—-450°C. The Si+NG sample, which
contains no PVA, shows negligible mass loss over the same
temperature range. This indicates that the observed mass loss in the
composite is mostly likely related to the thermal decomposition of
PVA.

The MS data (Figure 20b—d) reveal the gases released during heating.
At approximately 300°C, signals at mass 18 Da and 28 Da are detected,
corresponding to water (H,O) and carbon monoxide (CO),
respectively, consistent with the initial dehydration stage of PVA
decomposition.”” Signals at masses 30, 31, and 32 Da are detected in
both the Si+NG+PVA and pure PVA samples at the same temperature.
Although these masses overlap with those of silane (SiH,) and its
fragment ions (SiH,*, SiHs*), the signal at 31 Da was weak. For silane
to be present in significant quantities, this signal is expected to be
much stronger. Its absence therefore indicates that silane is generated
only in negligible amounts, if at all, suggesting that silane pyrolysis is

not the primary mechanism driving Si NP deposition.

A signal at mass 44 Da is also observed in both samples at ~300°C.
While 44 Da is the characteristic mass of silicon monoxide (5iO) gas, a
highly relevant intermediate for silicon deposition SiO formation
typically requires temperatures well above 300°C. Since this signal
appears at the same temperature in both the Si+NG+PVA and pure
PVA samples, it is attributed to acetaldehyde (CH3;CHO), a well-
known decomposition product of PVA, rather than SiO.” The
formation of acetaldehyde during PVA decomposition occurs in two
steps, first ethanol is produced that further decomposes into

acetaldehyde and release H. One hypothesis was that this in-situ
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generated H, reacts with silicon powder to form silicon containing
precursor that later deposits as silicon NPs. This reaction of ethanol
decomposition into acetaldehyde has a catalytic dependence on

copper.

To verify whether this in-situ generated H, was the important for
silicon NP formation, catalytic experiments were performed using a
copper foil substrate. The presence of the copper catalyst resulted in
the enhanced deposition of Si NPs onto the nanographite (NG) at
lower temperatures These findings confirm that H; acts as the essential

intermediate, for nanoparticle formation.

4.4.2 Direct hydrogen-driven synthesis and
morphological characterization

Building upon the finding about hydrogen’s important role, the two-

pot furnace method was optimized by replacing the PVA with a 3%

H> gas (mixed with Argon).

To evaluate further about the reaction pathways, another TGA-MS
experiment was conducted with pure silicon powder only in the
presence of 4% H/Ar and in pure Ar only. The results are depicted in
Figure 21. This targeted experiment was designed to isolate and study

specific interactions between the silicon powder and the hydrogen gas.
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Figure 21 TGA-MS ion current traces for raw silicon powder (Vesta) as a function of
temperature under two atmospheres: 4% H,/Ar (blue lines) and pure Ar (orange lines).
Four mass-to-charge ratios are monitored: m/z 18 (H,O, solid lines), m/z 28 (CO or Si,
dashed), m/z 32 (O, dotted), and m/z 44 (CO, or SiO, dash-dotted).

The TGA curves for the raw silicon powder exhibited a slight mass
increase of approximately 0.15% at temperatures exceeding 500 °C.
Because there is no Argon overpressure in the furnace setup, this mass
increase is attributed to minor oxygen leakage from the ambient air

into the system, leading to slight oxidation of the raw silicon surface.

The evolved gases were monitored via Quadrupole Mass
Spectrometry (QMS), specifically for (m/z) of 18 (H,O) and 44 (CO, or
SiO).For m/z = 18 (H,0O), the QMS data indicated higher ion currents
(roughly 2-3 times greater) during the Argon runs compared to the 4%
H; runs. The steady increase in the water signal with temperature
indicate that the detected water originates primarily from the

progressive thermal desorption of background water adsorbed onto
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the internal walls of the furnace system, rather than from the sample
itself. The difference between the Ar and H, runs is indicative of
different amounts of baseline moisture present in the system during

the respective gas purges.

For m/z = 44 (CO; or SiO), the recorded ion currents were extremely
low, measuring approximately 1x107'' A for hydrogen-treated
samples and 4x10™! A for Argon-treated samples. No clear
temperature-dependent trend was observed for either atmosphere.
The signals at m/z = 44 were of similar intensity in both the H, and Ar
atmospheres. These observations suggest that SiO formation, if
present, occurs only in negligible amounts under the conditions
studied.

During silicon oxidation and hydrogen-assisted thermal processing,
several silicon-containing volatile species may theoretically form as
intermediates. Silicon hydroxide Si(OH), (m/z = 62) can form when
silicon reacts with trace moisture(Eq. 1). Silicon oxohydroxide
SiO(OH); (m/z =78) may arise from reaction of SiO> with water vapour
(Eq. 2). 5i,0; (m/z = 88) is also a known volatile intermediate at high
temperature and may form via Eq. 3. Si(OH); (m/z = 96) may form
through sequential oxidation of silicon followed by reaction with

moisture (Egs. 4-5).

Si (s) + 2H,O (g) — Si(OH): (g) + Ha (g) 1)
Si0z (s) + HxO (g) — SiO(OH): (g) )
25i0 (g) — Si0: (g) 3)
Si (s) + 2H,0 (g) — SiO; (s) + 2H; (g) (4)
5i0; (s) + 2H,O (g) — Si(OH)4 (g) Q)
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Based on these possible reaction pathways, the m/z values of 62, 78, 88,
and 96 were monitored to detect any silicon-containing volatile
intermediates in the gas phase. However, ion currents for all four
species were approximately 2.5x10712 A, corresponding to the
instrument background level, indicating that these species are absent

or present only in negligible amounts under the conditions studied

4.4.3 Absence of silane
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Figure 22 GC-MS chromatograms showing (a) the Ar carrier gas peak and (b) the
SiH, elution region for three experimental runs: SiH,, calibration in Ar only (solid red),
SiH, calibration in Ar + H, (dashed black), and Si micropowder in H,/Ar at 800 °C

(dotted blue).

The possible formation of silanes in the two-pot furnace method was
studied separately in a gas chromatography-mass spectrometry (GC-
MS) setup. In the setup, precise amounts of the gasses hydrogen (H-),
silane (SiHs), Nitrogen (N2) and argon (Ar) were injected into a

chamber and then transferred to a column in which the gas

9.8 9.9 10 104 102 103 104

components were separated based on the time it takes for them to
travel through the column. After the column, the different gas

components could be further studied by the transferring of one gas
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component at a time to a MS device. This MS device gives the ratio of
the mass and the charge of the gas molecules. The experimental set-up
is described by Wyller et al. ¢ Figure 22a shows the Ar carrier gas peak
(~9.05 min), which appears in all three runs. Two calibration
experiments were performed: in the first, a mixture of Ar (2 L/min)
and SiH, (2 mL/min) was fed through the system (solid red curve); in
the second, Ar (2 L/min), H, (100 mL/min), and SiH4 (20 mL/min) were
used (dashed black curve). Figure 22b shows the SiH, peak region(~9.9
min). both the calibration experiments show SiHipeak confirming that
the system can resolve SiH, concentrations down to 0.1 vol.% in Ar,

and potentially even lower.

The dotted blue curve in both panels corresponds to the actual two-
pot furnace run with Si micropowder in Hy/Ar at 800 °C. Notably, no
SiH, peak is detected for this run, despite the system's demonstrated
sensitivity. This confirms that SiH, gas is not produced in detectable

quantities during the two-pot synthesis process.

In summary, experiments carried out under conditions similar to the
two-pot furnace method, using silicon micropowder in a Hy/Ar
atmosphere at 800°C did not yield detectable amounts of any of the
expected silicon-containing volatile intermediates. Neither silicon
monoxide (S5iO, m/z = 44), silane (SiH4, m/z = 30-32), nor any of the
higher order silicon-containing species (m/z = 62, 78, 88, 96) were
detected above background levels. The water signal (m/z = 18)
detected in both atmospheres is most likely attributed to moisture
desorption from the furnace system walls, rather than to any sample-
driven reaction. Silane in particular was not detected in any of the runs.
These findings collectively suggest that the silicon nanoparticle
deposition observed in the two-pot furnace method does not proceed

via silane or other commonly expected volatile silicon intermediates.
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45Si NP growth and nucleation on
nanographite

The primary objective of paper VI is to find the fundamental
thermodynamic and kinetic mechanisms governing silicon
nanoparticle formation on nanographite. By systematically varying
different process parameters, temperature, carrier gas flow rate, and
dwell time this study explains the complete growth mechanism which
involves heterogeneous nucleation at surface step edges, intermediate
Volmer-Weber island growth, and late-stage Ostwald ripening.
Furthermore, Lifshitz-Slyozov-Wagner (LSW) kinetic modeling is
applied to calculate the activation energy, establishing surface
diffusion as the rate-limiting step for particle coarsening.®The
experimental SEM images and supporting figures referenced

throughout this section are presented in Paper VL.

4.5.1 Establishing the operational window

The experimental observations in this study exhibited a clear trend:
the lowest carrier gas flow rate at 800 °C yielded the maximum
number density of particles. This behavior indicates a reaction-limited
nucleation regime. At low velocities, the increased residence time of
the silicon-containing precursor provides the precursor molecules
with sufficient time to interact with the substrate and deposit as stable
nuclei. ?Consequently, 800 °C and 1.7 mL/min were established as the

optimal baseline conditions.

4.5.2 Morphological evolution and ostwald
ripening

Using the optimized baseline conditions, the morphological evolution

of the nanoparticles was tracked across varying dwell times, revealing

a clear three-stage growth mechanism. With 0 h dwell time,i.e. the

furnace began cooling immediately upon reaching 800°C temperature
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very small nuclei (~5 nm) sparsely distributed along nanographite
flake edges were observed. The NP formation at these surface
irregularities is a signature of defect-driven heterogeneous
nucleation.” As the dwell time increased to 1 h and 2 h. This growth
mechanism resulted in the formation of mostly spherical nanoparticles
with a mean diameter of approximately ~7nm and ~15 nm respectively.
When the dwell time was extended from 2 hours to 6 hours, total
number density of particles decreased, while the mean particle

diameter increased from approximately ~15 nm to ~22 nm.

Quantitative image analysis visually confirmed this Ostwald ripening
process.”? The analysis demonstrated that as the mean particle
diameter expanded from 15 nm at 2 h to over 32 nm at 6 h the spatial
gaps between the particles widened, increasing from roughly 13.5-
23.0nmat2h to78.5-89.9 nm at 6 h.

4.5.3 Kinetic modeling and activation energy

To mathematically determine the kinetic mechanisms driving this late-
stage growth, the experimental data were evaluated using Lifshitz-
Slyozov-Wagner (LSW) theory. The LSW model distinguishes
between two limits for nanocrystal coarsening: diffusion-limited
growth, where the particle radius expands proportionally to t1/3, and
reaction-limited growth, which scales with t1/2.¢ Plotting 13 versus
dwell time yielded a superior linear correlation (R? = 0.98) compared
to the r? reaction-limited model (R? = 0.94). The diffusion-limited
growth model is further supported by the spherical morphology of the
nanoparticles observed in SEM. Reaction-limited growth typically
produces anisotropic, faceted, or plate-like crystalline particles

whereas diffusion limited growth produces spherical particles.®

The surface-mediated growth pathway was further verified through

Arrhenius kinetic analysis of the temperature-dependent data. The
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analysis yielded a strong linear correlation (R? =0.97) and an
activation energy of 18 kJ/mol (0.19 eV/atom). In conventional silane-
based chemical vapor deposition, activation energies are typically an
order of magnitude higher (roughly 1.5 to 2.0 eV)” because substantial
thermal energy is required to break the strong molecular bonds of the
precursor gas at the deposition site. Because the two-pot method
physically decouples precursor generation from deposition, the
reactive silicon species arrive at the substrate without needing to break
chemical bonds, meaning this low activation energy represents the
kinetic barrier for the surface diffusion of silicon adatoms across the

nanographite.
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5 Discussion

This thesis was established to evaluate feasibility of either low cost
starting material or simple composites as a Li-ion battery electrode.
The body of work presented here follows a stepwise progression:
beginning with a one-pot aerogel approach, identifying anin
situ nanoparticle formation phenomenon, decoupling the synthesis
mechanism, and finally elucidating the fundamental kinetics
governing nanoparticle growth. Targeted experiments using raw
silicon powder under both 4% Hy/Ar and pure Ar atmospheres
revealed the absence of any measurable gas-phase silicon
intermediates. If a conventional silane-based reduction or a silicon
monoxide (SiO) sublimation process was occurring, it is reasonable to
assume that clear ion currents corresponding to m/z 30-32 (silane) or
44 (SiO) would have spiked in the presence of hydrogen. Instead, the
signals for these species remained barely above the instrument's
background noise, and showed no significant enhancement compared
to the inert Argon control runs. Furthermore, the only significant
signal during this experiment was for water (m/z = 18), which was
roughly 2-3 times greater during the Argon runs than the 4% H, runs.
This steady increase in water with temperature indicates thermal
desorption of background moisture from the furnace walls rather than
a reaction product from the sample itself. GC-MS measurements
further supported this conclusion, in which no detectable SiH, peak
was observed in the furnace run at 800 °C despite the system's
demonstrated sensitivity down to 0.1 vol.% SiHs. Taken together,
these results suggest that silicon nanoparticle formation in the two-pot
method does not proceed via silane or SiO as primary gas-phase
intermediates, pointing instead towards a surface-driven mechanism,

as discussed below.
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One plausible mechanism consistent with the absence of detectable
gas-phase intermediates is hydrogen-induced surface blistering of the
silicon micropowder. At elevated temperatures, hydrogen molecules
can dissociate at the surface of silicon and diffuse into the subsurface
lattice as atomic hydrogen. These hydrogen atoms can accumulate at
pre-existing defects, grain boundaries. As the local hydrogen
concentration builds up, internal pressure rises and can cause the
blisters. When the pressure within these blisters exceeds the
mechanical strength of the surface layer, the blister ruptures, ejecting
nanometer-scale silicon fragments directly from the surface.”” These
ejected fragments are then transported downstream by the carrier gas
flow and deposited onto the nanographite substrate in Pot B, where
they serve as nucleation seeds for further growth. This mechanism is
also consistent with the findings from Paper VI, which reported a low
activation energy of 18 kJ/mol, which is far below the bond-breaking

energies typical of silane-based CVD process.

In both the PVA-assisted and direct H>-derived experiments, an oxide
signal was consistently observed. In our experimental setup the
oxygen could originate from the native oxide already present on the
raw silicon powder, trace moisture or oxygen impurities in the carrier
gas, and the immediate oxidation of the highly reactive silicon
nanoparticles when they are taken out of the furnace and exposed to
ambient air. However, it was very difficult to identify the exact source

of oxygen.

One solution to isolate the contribution from post-synthesis re-
oxidation would be to transfer the Si NP deposited sample directly
into an inert-atmosphere glovebox rather than recovering it in ambient
air. Highly reactive silicon nanoparticles oxidize instantaneously upon

air exposure. Characterization techniques such as XRD and XPS,
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performed on samples sealed and transferred under inert gas, would

provide the actual oxidation state of the as-formed nanoparticles.

From a statistical standpoint, the electrochemical data for the two-pot
H, method are reported from single electrodes per condition in both
published studies, tested in a half-cell configuration at 100
mAg.Cross-study reproducibility is demonstrated by the consistent
performance across two independently conducted experiments, Paper
IV study recorded a stable capacity of 489 mAhg over 25 cycles, in
close agreement with the 503 mAhg™ retained after 100 cycles in Paper
V both under identical synthesis and testing conditions, providing
indirect evidence of electrochemical stability and process
reproducibility. A next step would be to fabricate and test at least three
independent electrodes per condition to provide to quantify

measurement uncertainty and do a full-scale battery studies.

In contrast, the statistical basis of the morphological and kinetic
analysis in Paper VI is more thoroughly quantified. For each dwell
time and position, 2-3 independent SEM images were analysed, with
each image containing more than 100 detected particles, and the
resulting mean radii and surface coverages are reported with standard
deviation. The mean particle radius increases from 2.5 + 0.5 nm at Ohr
dwell time to 3.5 + 0.8 nm after 1 h, 7.5 + 1.5 nm after 2h, and 10.8 + 1.5
nm after 6 h at 800 °C, indicating continuous growth accompanied by
a gradual broadening of the size distribution. The overall particle size
distribution combines measurements from around 6,000 individual
particles across the spatial mapping experiment and yields a mean

diameter of 15 nm with a long tail extending to approximately 55 nm.

Looking beyond the current laboratory scale, the two-pot furnace
method produces the Si NP-NG composite electrode directly in situ,

with the Pot B Cu foil disc ready for use as a working electrode without
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any additional binder or post-synthesis processing. In a scaled
production line, this step could be integrated as an additional furnace
zone after the NG coating and drying stage, where silicon evaporation
and NP deposition occur as the NG-coated Cu foil passes through a
hydrogen-rich heating zone. The fluidized bed reactor (FBR), in which
silane is thermally decomposed within a chamber of fluidised seed
particles at 600-700°C, is one of the most mature continuous methods
for silicon production.” However, since the mechanism identified here
does not rely on silane, a conventional FBR is not directly applicable.
A modified FBR concept, in which silicon micropowder is fluidised
under Hy/Ar at ~800°C, could in principle replicate the conditions of
the two-pot furnace at continuous scale. Whether the same surface-
driven mechanism operates under the high-velocity gas flow
conditions of a fluidised bed rather than the low-flow, diffusion-
dominated conditions of the tube furnace at 1.7 mL/min remains an

open question and direction for future process development.
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6 Conclusions and future work
6.1 Conclusions

The findings of this thesis address three connected challenges for
silicon-based anodes: designing scalable silicon-graphite composites,
developing a safe and low-cost route to silicon nanoparticles, and
understanding the growth mechanism of these nanoparticles in

hydrogen.

The first objective was tackled through the development of the porous
silicon-nanographite aerogel (SNGA) and direct slurry-cast composite
anodes. By utilizing scalable nanographite and environmentally
friendly, water-soluble binders (sodium alginate), stable composite
architectures were achieved. These composites successfully buffered
the volume expansion of silicon, demonstrating high reversible

capacities over prolonged cycling.

The second objective was achieved by developing the two-pot furnace
method. By using hydrogen gas and low-cost silicon micropowder, a
silane-free synthesis route was successfully established. This method
utilizes standard tube furnaces at atmospheric pressure. Furthermore,
directly depositing the nanoparticles onto current collectors created
binder-free electrodes that showed very good cycling stability (<2%
fade over 100 cycles). thereby demonstrating a safe, low-cost, synthesis

route compatible with simple furnace technology.

The third objective was addressed by a systematic study combining
spatial mapping, dwell-time series and image-based statistical
analysis. The results show that nucleation is heterogeneous on the
nanographite substrate, that early growth proceeds via Volmer-

Weber island formation, and that subsequent coarsening follows
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diffusion-limited Ostwald ripening. Together, these findings provide

a framework for engineering robust, high-capacity silicon anodes.

6.2 Future work

While this thesis establishes the scientific foundation for the H,-
assisted two-pot method for silicon anode fabrication, future
optimization should focus on increasing Si NP mass loading to meet
industrial capacity targets. The hydrogen-induced blistering
mechanism proposed here as a possible NP formation route requires
direct experimental verification. In-situ transmission electron
microscopy (TEM) of heated silicon micropowder surfaces in a H,
atmosphere could provide direct visual evidence of subsurface blister
formation. A second important direction is to resolve the origin and
evolution of oxygen in the system. Future experiments should
therefore include an inert transfer procedure. XRD and XPS
measurements on these samples would quantify how the oxidation
state and oxide thickness change and determine whether the oxide
shell is an intrinsic product of the furnace chemistry or mainly a
post-synthesis re-oxidation layer. Finally, on the manufacturing side,
integrating the two-pot concept into a modified fluidized-bed reactor
using H,/Ar and silicon micropowder. If successful, these
developments would provide a pathway for scalable production of

Si/NG composite anodes.
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