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Abstract

Silicon is a leading candidate for next-generation lithium-ion battery
anodes thanks to its high theoretical capacity, yet its use is restricted
by severe volume expansion and rapid capacity fading. A further
challenge is that many approaches to stabilize Si rely on hazardous or
complex syntheses.

This thesis presents a green, hydrofluoric acid-free thermochemical
route to engineer porous silicon microparticles using urea as an
etching agent. The process combines chemical reactions and
mechanical stress from urea decomposition, producing mesoporous
networks while maintaining crystalline integrity. Under favorable
conditions, surface areas up to ~27 m? g were achieved, along with
stabilizing Si-O and Si-N surface species confirmed by structural and
chemical analyses.

Porous silicon was then incorporated into graphite composites for
lithium-ion battery anodes. Electrodes with 10-20 wt% porous silicon
delivered stable specific capacities of 630-880 mAh g after 100 cycles,
more than doubling untreated silicon composites and tripling pure
graphite, while maintaining coulombic efficiencies above 98%. Higher
silicon loadings caused instability, whereas rate tests showed porous
silicon retained ~70% of its capacity at 2C.

These results establish urea-assisted porosification as a sustainable
path toward practical silicon anodes and highlight the role of porosity
in enabling stable, high-capacity batteries. Future work will focus on
optimizing porous silicon as a stand-alone active material and
performing postmortem analyses to clarify degradation mechanisms

and the role of porosity in electrode stability.



Summary in Swedish

Kisel (Si) ar ett lovande anodmaterial fOr ndsta generations
littumjonbatterier (LIB) tack vare sin mycket hoga teoretiska kapacitet.
Den praktiska anvandningen begransas dock av kraftiga
volymforandringar under cykling, vilket leder till sprickbildning,
instabila granssnitt och snabb kapacitetsforlust. Dessutom bygger
manga metoder for att framstalla porost kisel pa vatefluoridsyra (HF),
vilket innebdar miljo- och sdkerhetsproblem. I denna avhandling
presenteras en gron och skalbar termokemisk metod for att framstalla
pordsa kiselmikropartiklar med hjalp av wurea-baserad etsning.
Processen kombinerar kemisk reaktivitet och mekanisk stress fran
ureas fasovergangar vid forhojd temperatur och ger mesopordsa
strukturer samtidigt som kristalliniteten bevaras. Under gynnsamma
forhallanden uppnaddes ytor pa upp till ~27 m? g, och analyser visade
stabiliserande Si-O, och Si-N-bindningar vid ytan. Porost kisel
inforlivades i grafitkompositer for elektrokemiska tester. Elektroder
med 10-20 vikt% kisel uppvisade stabila kapaciteter pa 630-880 mAh
g efter 100 cykler vid 0,1C, med coulombiska verkningsgrader over
98 %. Detta ar mer an dubbelt sa mycket som obehandlat kisel och
ndstan tre ganger sa mycket som ren grafit. Hogre kiselhalter ledde
daremot till forsamrad stabilitet. Vid hastighetstester beholls 65-74 %
av kapaciteten vid 2C, vilket visar god effekt, och cyklingsprestanda.
Arbetet visar att urea-baserad porosifiering dr en hallbar metod for att
producera funktionella kiselanoder. Framtida studier kommer att
fokusera pa att optimera porost kisel som ett fristaende aktivt material
samt genomféra post mortem-analyser for att forstd

degraderingsmekanismer och porositetens betydelse.
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Preface

This licentiate thesis summarizes my research conducted at the
Department of Engineering Physics, Mid Sweden University, between
2023 and 2025. The overall aim of the work has been to develop
environmentally friendly methods for tailoring porous silicon
microparticles and to investigate their potential as active materials in
lithium-ion battery anodes. The thesis is based on two main studies.
The first part focuses on the synthesis of porous silicon through a
hydrofluoric acid-free, urea-assisted thermochemical process,
highlighting the influence of processing conditions on porosity and
surface chemistry. The second part explores the incorporation of these
porous silicon particles into graphite-based composite anodes and
evaluates their electrochemical performance in half-cell configurations.
Together, these studies provide new insights into sustainable routes
for silicon modification and their implications for next-generation
battery technology. Future work will extend this research toward
optimizing porous silicon as a stand-alone active material and
conducting postmortem analyses to better understand degradation
mechanisms and the role of porosity in cycling stability. The research
presented here has been carried out in collaboration with colleagues at
Mid Sweden University and Uppsala University. I was responsible for
the synthesis of materials, electrode fabrication, electrochemical
testing, and structural characterization. The data analysis and
interpretation of results were carried out in close collaboration with
my co-authors. Writing this thesis has been both challenging and
rewarding. It reflects not only the scientific results achieved but also
the learning process of working across materials chemistry,

electrochemistry, and sustainable energy research.



1 Introduction
1.1 Motivation and significance

The transition toward a sustainable and electrified society relies
fundamentally on efficient and scalable energy storage technologies.
Renewable sources such as solar and wind are intermittent by nature,
generating electricity that must be stored for later use. Among
available storage solutions (mechanical, thermal, electrostatic, and
chemical), electrochemical storage through batteries stands out for its
high efficiency, modularity, and adaptability across applications
ranging from portable electronics to electric vehicles and grid
balancing.! Batteries function as “banks of electricity,” storing excess
energy when production exceeds demand and releasing it during peak
consumption, thus ensuring the stability and reliability of modern

energy systems.

Among battery technologies, lithium-ion batteries (LIBs) dominate
current markets owing to their high energy density, long cycle life, and
declining manufacturing cost.? Despite these advantages, further
progress in LIBs is constrained by the graphite anode, whose
theoretical capacity of 372 mAh g limits the total energy density of
present-day systems.>* Overcoming this bottleneck is vital for longer-
range electric vehicles, faster charging devices, and more sustainable

energy storage solutions.

Silicon (5i) has emerged as one of the most promising next-generation
anode materials. It offers a theoretical capacity of 3579 mAh g for the
LiisSis phase and up to ~4200 mAh g for the fully lithiated phase
(Li22Sis), nearly ten times higher than graphite. In addition, Si combines
natural abundance, low cost, and a low lithiation potential (~0.3 V vs.

Li/Li*).> These features make Si particularly attractive for future high-



energy LIBs. However, Si suffers from several critical limitations: poor
intrinsic conductivity and large volume expansion (~300-360%) during
cycling, which cause particle pulverization, unstable interfaces, and
rapid capacity fading.® In practice, only small amounts of nanosilicon
(5-10 wt%) are typically incorporated into graphite-Si composite
anodes,” since sub-150 nm particles show better structural stability.”10
However, nanosizing also increases surface area, which intensifies the
formation of solid electrolyte interphase (SEI) layer and raises
manufacturing cost due to complex silane-based synthesis
methods.!'2 Thus, the key challenge is not whether Si can provide high

capacity, but whether it can do so reliably and sustainably.

Introducing porosity has proven to be an effective way to address these
challenges. Internal voids act as mechanical buffers, absorbing strain
during lithiation and delithiation, while the porous network facilitates
lithium-ion diffusion and helps maintain a stable SEI layer.'314
However, many current porous-Si synthesis techniques still rely on
hazardous reagents such as hydrofluoric acid (HF),'>"7 high-
temperature processing,’® or multistep templating methods.!? HF-
based etching, though efficient, poses severe environmental and safety
risks, whereas alkaline etching often yields irregular and poorly
controlled pore structures in polycrystalline particles.””?° Other HF-
free alternatives, such as ionic liquid anodization or templating with
costly reagents, remain expensive and difficult to scale.?’ These
limitations underscore the need for a simpler, HF-free, and industrially

viable route to produce porous Si.

This thesis introduces a green thermochemical strategy for modifying
Si microparticles using urea as an etching agent. Upon heating, urea
decomposes into NHs, HNCO, CO., and related species.?>?* These
byproducts act through a dual mechanism: chemically etching the Si



surface while simultaneously generating internal porosity through gas
evolution. Prior studies on ammonia etching suggest that NHs can both
etch and passivate Si, allowing for controllable porosity formation
without compromising crystallinity.”> Therefore, urea-assisted
thermochemical processing represents a promising HF-free,
environmentally friendly, and scalable method for synthesizing

porous Si.

When porous Si microparticles are integrated into graphite-Si
composite electrodes, they combine the mechanical stability of
graphite with the high capacity of Si. Preliminary results show that
moderate Si loadings significantly increase reversible capacity
compared with graphite alone or untreated Si composites, while
maintaining high coulombic efficiency. However, excessive Si content
still leads to mechanical degradation, emphasizing the importance of

balancing porosity, composition, and structural integrity.

The motivation for this research arises from two converging global
needs: the demand for higher-energy LIBs that surpass the limitations
of graphite and the necessity of sustainable, non-toxic, and scalable
synthesis methods. By demonstrating that porous Si can be produced
through a green, HF-free thermochemical route and effectively
integrated into functional composite anodes, this work contributes to
both energy performance and environmental sustainability. It
establishes thermochemical modification as a viable platform for next-
generation anodes and lays the groundwork for future studies on
stand-alone porous Si, complemented by postmortem analyses to
reveal how porosity influences lithium transport, structural stability,

and electrode degradation during extended cycling.



1.2 Research objectives

The overarching objective of this thesis is to develop a green, scalable
strategy for tailoring porous Si microparticles and to evaluate their
potential as active materials for next-generation LIB anodes. In
particular, the work seeks to address two key challenges: enhancing
the energy density of LIBs beyond the limits of graphite and replacing

hazardous, HF-based synthesis routes with sustainable alternatives.
The specific objectives are:

e To establish an HF-free thermochemical process for producing
porous Si microparticles using urea as an environmentally

benign etching agent.

e To investigate the influence of synthesis conditions on porosity,
surface chemistry, and structural integrity of the resulting Si

particles.

e To incorporate porous Si into graphite-based composite anodes
and benchmark their electrochemical performance against

graphite and untreated Si composites.

e To evaluate the balance between Si content, porosity, and cycling
stability, identifying loading levels that enable high specific

capacity while maintaining durability.

e To provide a foundation for future studies on stand-alone porous
Si anodes and postmortem analyses aimed at clarifying how
porosity contributes to lithium transport, structural stability, and

the long-term degradation of electrodes.



2 Background
2.1 Batteries

At their core, batteries are electrochemical cells that convert chemical
energy into electrical energy through reversible redox reactions
occurring at two electrodes separated by an electrolyte. Depending on
reversibility, they are categorized as primary (non-rechargeable) or
secondary (rechargeable) systems.? The historical evolution of
secondary batteries has followed a clear trajectory: from the lead-acid
battery, introduced in the mid-19th century and still widely used due
to its low cost and robustness, to nickel-cadmium (Ni-Cd) and nickel-
metal hydride (Ni-MH) systems that offered higher specific energy
and longer cycle life.> However, the growing need for lighter, more
durable, and energy-dense power sources for mobile and stationary
use ultimately led to the development of lithium-based technologies,

which now dominate the market.

LIBs represent the most successful class of secondary batteries to date.
Introduced commercially by Sony in the early 1990s, LIBs use lithium
ions as charge carriers that shuttle reversibly between two host
materials: a carbonaceous anode (typically graphite) and a transition
metal oxide cathode.?” This “rocking-chair” mechanism enables high
voltage, excellent reversibility, and energy densities far exceeding
those of earlier chemistries.?® Over the past three decades, the energy
density of LIBs has increased by a factor of three to four, while
production costs have dropped by nearly 90%, driving their
widespread use in electronics, electric mobility, and stationary

storage.??30

A typical LIB comprises four essential components:



1. Anode: usually graphite, responsible for Li* intercalation
during charging.

2. Cathode: commonly a layered transition metal oxide (e.g.,
LiCoOz, NMC, LFP) that releases and re-accepts Li* during
cycling.

3. Electrolyte: a lithium salt (e.g., LiPFe) dissolved in organic
solvents, which facilitates ion transport between electrodes.

4. Separator: a porous polymeric membrane that prevents

electrical contact while allowing ionic flow.

During charging, lithium ions migrate from the cathode to the anode
through the electrolyte while electrons flow externally through the
circuit. The process reverses upon discharge, delivering electrical
energy to the external load. A schematic illustration of the working
principle and main components of a lithium-ion battery is presented

in Figure 2.1.

The success of LIBs stems from their high efficiency, light weight, and
adaptability to various form factors, from coin cells to large battery
packs. These advantages have made them the cornerstone of the
ongoing electrification of transportation and renewable energy
integration. However, the massive global deployment of LIBs,
projected to exceed 1 TWh of installed capacity by 2030, introduces
new challenges related to resource availability, cost, and
sustainability.?*3! The dependence on critical elements such as lithium,
cobalt, and nickel, along with the use of flammable organic electrolytes,
raises concerns about long-term supply security, safety, and

environmental impact.*
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Figure 2. 1 Schematic illustration of a lithium-ion battery showing the movement of Li*

ions and electrons during charge and discharge.

Consequently, current battery research is increasingly directed toward
sustainable and high-performance materials. Efforts include
developing cobalt-free cathodes® and engineering advanced anode
materials with higher capacity than graphite. In this context, Si-based
anodes have emerged as particularly promising due to their
exceptional theoretical capacity and compatibility with existing LIB
manufacturing platforms. The continued evolution of LIB technology,
both in efficiency and sustainability, depends on progress in electrode
materials. Improvements are needed for both the cathode, where

reducing cobalt content is essential, and the anode, where silicon offers



major potential gains in capacity. This thesis focuses on the anode side,

aiming to enhance its performance and sustainability.

2.2 Conventional anode materials

The anode plays a critical role in LIBs as the host for lithium-ion
insertion during charging. Its electrochemical characteristics largely
determine the battery’s energy density, rate capability, and long-term
stability. A suitable anode should combine a low lithiation potential,
high reversible capacity, good electronic and ionic conductivity, and

structural stability during repeated cycling.3

Conventional anode materials for LIBs are generally classified
according to their lithium storage mechanisms into three main
categories: intercalation-type, alloying-type, and conversion-type
systems.®® Each class involves a distinct mode of lithium
accommodation within the host, which strongly influences its
electrochemical behavior, energy density, and durability. In addition,
some disordered carbons (e.g., hard carbon) exhibit a mixed
intercalation-adsorption mechanism and can be regarded as a

transitional subclass of intercalation materials.36

2.2.1 Intercalation-Type Anodes

Among all anode materials, carbon-based systems remain the
commercial standard because of their stability, safety, and mature
manufacturing processes.

Graphite has long dominated LIBs owing to its layered structure that
allows reversible Li* intercalation through a staging process down to
LiCs, providing a theoretical capacity of 372 mAh g at about 0.1 V vs
Li/Li*.%38 Its high reversibility and flat potential profile enable excellent

cycle life and coulombic efficiency.



Nevertheless, its relatively low capacity limits the overall energy
density, and at high charge rates or low temperatures lithium plating
can occur because the graphite potential approaches that of metallic
lithium.*

Beyond graphite, hard carbon (non-graphitizable) and soft carbon
(partially graphitizable) materials have been explored. Hard carbon
contains turbostratic disorder and closed nanopores that store Li* both
between graphene layers and within pores, yielding capacities up to
400-500 mAh g% though with lower initial coulombic efficiency (ICE)
due to irreversible Li trapping.*! Soft carbon offers better conductivity
and easier graphitization but similar capacities to graphite.®
Disordered carbons, such as hard carbon, can therefore be viewed as a
special subclass of intercalation materials where lithium storage occurs
by both intercalation and adsorption, resulting in enhanced low-

temperature performance.

Another important intercalation-type anode is lithium titanate
(LisTisOn2, LTO), which operates at ~1.55 V vs Li/Li*. LTO exhibits
excellent safety and exceptional cycle life because of its negligible
lattice strain (“zero-strain” property).©34 However, the high potential
reduces full-cell energy density, and its low conductivity necessitates
doping or conductive coatings. LTO is therefore well suited for high-
power or grid-storage applications where safety and cycle life

outweigh energy density.

2.2.2 Alloying-Type Anodes

Alloying materials such as Sn, Sb, Al, and particularly Si store Li
through the formation of lithium-metal (Li-M) alloys, reaching
theoretical capacities of 500-4000 mAh g.#> These reactions, however,

involve 200-400% volume expansion, causing mechanical fracture and



unstable SEIs. Nanostructuring, conductive matrices, and carbon
coatings have been applied to mitigate these effects.#54
Si, the most prominent member of this group, will be discussed in

detail in Section 2.3.

2.2.3 Conversion-Type Anodes

Conversion anodes, including transition-metal oxides, sulfides,
nitrides, and phosphides, react with lithium according to:

MixAy + 2yLi* +2ye” <> xM + yLi2A

They deliver capacities of 600-1200 mAh g using abundant elements.*”
However, these materials suffer from large voltage hysteresis, poor
conductivity, and structural reconstruction during cycling, limiting
their energy efficiency and cycle life.*

Nanoscale engineering and conductive carbon scaffolds can enhance
their electrochemical reversibility but often increase synthesis

complexity and cost.

2.2.4 Comparative Overview

Conventional anode materials thus offer diverse trade-offs among
capacity, potential, and structural stability. Graphite continues to
dominate the commercial market because of its reliability and cost-
effectiveness, while hard carbons and alloying-type materials promise

higher capacities and LTO ensures exceptional safety.

However, none of these materials simultaneously provide high
capacity, low potential, and long-term stability. These limitations have
motivated hybrid architectures that combine complementary
mechanisms, most notably, the incorporation of Si within graphite

matrices to balance energy density and stability.

10



A comparative summary of the main anode material classes is
presented in Table 2. 1, highlighting their representative materials,

capacities, operating potentials, and key performance considerations.

Table 2. 1 Summary of main anode material types and their electrochemical
characteristics, highlighting representative materials, typical capacity, potential, and

main advantages and limitations.3741434548

. Potential
. Example Capacity .
Mechanism . (Vvs Key features Limitations
materials (mAh g?) .
Li/Li*)
. Limited
. Graphite, Mature
Intercalation- energy
hard 372-500 0.05-0.8 technology, good .
type carbons o density, SEI
carbon conductivity, safe .
formation
. ) Low voltage,
Intercalation o Zero-strain,
. LiaTis012 175 1.55 . low energy
oxides excellent cycle life .
density
Severe
. Very high
Si, Sn, Sb, volume
Alloying 500-4000  0.3-0.6 capacity,
Ge change,
abundant
unstable SEI
Voltage
Fe20s,
) High theoretical hysteresis,
Conversion Co030s4, 600-1200 0.6-1.5 .
capacity poor
MoS2 o
conductivity

Overall, the evolution of anode materials highlights the ongoing trade-
off between energy density, safety, and durability. This balance
continues to drive research toward Si-based systems, discussed in the

following section.

2.3 Silicon as anode material

Si is the leading alloy-type anode for next-generation Li-ion batteries

because it can host up to ~3.75-4.4 Li per Si forming LiisSis or Li22Sis

11



phases, and delivering a theoretical capacity of ~3579-4200 mAh g,
roughly 10 times that of graphite (372 mAh g').# Its operating
potential (~0.37 V vs. Li/Li*) is slightly higher than graphite, which
helps mitigate Li plating and improves safety.* Its natural abundance
(~27.7 % of Earth’s crust) and mature processing technologies further
make Si suitable for large-scale manufacturing.5'%

Historically, the Li-Si alloying mechanism was already identified in the
1970s, when high-temperature sulfide batteries revealed Li-Si alloy
formation and the sequence of lithiation phases (Li12Siz, LisSis, LiisSis,
Li»Sis).5%%%* Yet, at ambient conditions early work noted low
reversibility, now linked to massive volume changes and unstable
interfaces that fracture the active phase and continuously rebuild the
SEI layer. This coupling of electrochemistry and mechanics defines

modern Si anode design.

2.3.1 Limitations

i. Mechanical degradation from volume expansion

Si undergoes a ~300-360% volume expansion during full lithiation.>
The insertion of Li* generates a concentration gradient across the Si
particle, producing complex internal stresses: compressive hoop stress
develops in the outer lithiated shell, while the inner unlithiated core
experiences tensile stress. Upon delithiation, the stress direction
reverses, leading to the accumulation of cyclic strain energy and,
ultimately, crack initiation and propagation once the local stress
exceeds the particle’s cohesive strength.565” These repeated expansion-
contraction cycles cause particle pulverization, loss of electronic
contact with the conductive matrix, and progressive structural
disintegration of the electrode. Simultaneously, the SEI ruptures and
reforms continuously, exposing fresh Si surfaces to electrolyte

reduction. This ongoing reaction consumes both Li* and solvent

12



species, resulting in a low ICE (= 70-85%) and accelerated long-term
capacity fading.’** Even a small coulombic inefficiency of ~0.1% per
cycle can cumulatively deplete the cyclable lithium reservoir over
extended operation.®® Figure 2. 2 illustrates the volume expansion of a
Si particle during lithiation, showing crack formation and deformation

of the surrounding SEI layer.
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Figure 2. 2 Schematic illustration of silicon particle volume expansion, surface cracking,

and SEl layer rupture during lithiation/delithiation in lithium-ion batteries.

Phase-dependent mechanical behavior (crystalline vs. amorphous Si)
Crystalline and amorphous Si exhibit distinct degradation behaviors.
In crystalline Si (c-Si), fracture typically occurs during lithiation,

driven by the sharp two-phase boundary between lithiated and

13



unlithiated regions. In contrast, amorphous Si (a-5i) accommodates
strain more uniformly during lithiation but suffers greater mechanical
degradation upon delithiation, when contraction of the outer lithiated
layer imposes tensile stress on the amorphous network.c"¢> These
structural differences explain why pulverization of c-Si is commonly
observed during lithiation, while a-Si tends to degrade during Li
extraction. Such chemo-mechanical instability is a primary cause of
poor cycling stability and irreversible capacity loss in Si anodes.
Consequently, pure Si is rarely used directly as an active material.
These observations highlight the need for structural or compositional
modification to accommodate strain and prevent catastrophic

fracture.s?

Particle size effect on fracture and stability

When the particle radius falls below a critical size, approximately 150
nm for c-Si nanoparticles, and 300 nm for nanowires, fracture can be
averted, since the elastic strain energy released upon cracking becomes
smaller than the surface energy required to create new surfaces.**%> In
other words, at nanoscale dimensions, elastic deformation dominates
over brittle failure, and the energy balance favors stability rather than
crack propagation. This mechanical stabilization, however, comes at
the penalty of accelerated surface energy accumulation, which
amplifies side reactions with the electrolyte and leads to extensive SEI
formation.®® Despite mitigating fracture at the subparticle level, size
reduction does not eliminate Si’s intrinsic volume change.?%¢2 Even
below the critical size, rapid Li* diffusion gradients can induce
localized stress fields that cause pore nucleation or structural
coarsening, particularly under high C-rates.®” In Si nanoparticles (< 50
nm), vacancy clustering during delithiation was found to generate

internal porosity, which gradually evolves into highly porous,
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disconnected frameworks with poor electrical integrity and rapid
capacity decay.®¢

The phase structure also plays a decisive role in size-dependent
stability. a-5i, with a fracture toughness of = 5.8 ] m? and a volumetric
expansion of ~280 %, can tolerate larger particle sizes (up to = 870 nm)
without mechanical failure.”° In contrast, c-Si, exhibiting lower
toughness (0.73-0.89 MPa.m'?) and a higher Young’s modulus (~189
GPa), typically fractures during lithiation due to the formation of a
sharp two-phase boundary between lithiated and unlithiated regions.”
a-Si undergoes more homogeneous lithiation, enabling gradual strain
accommodation during Li insertion and delaying crack initiation.6%¢2
However, upon delithiation, tensile stresses can still accumulate and
induce microcracking, emphasizing that nanosizing and
amorphization mitigate but do not remove mechanical degradation.c!”!
Beyond size and structure, introducing controlled porosity within Si
architectures has proven highly beneficial. Engineered internal voids,
either generated through etching, templating, or partial dealloying,
provide free volume to absorb expansion and alleviate interparticle
stress. This porous design enhances mechanical resilience and
facilitates electrolyte access but must be carefully optimized to avoid
excessive surface reactivity.”>”® Studies consistently show that
nanostructured porous Si combined with uniform surface coatings
achieves the most stable performance, as porosity allows volumetric
buffering, while coatings suppress side reactions and stabilize the SEI
layer.”#7> While nanosizing and controlled porosity reduce fracture and
improve stress tolerance, their optimization remains critical, since
excessive surface area exacerbates SEI growth. These size-surface
trade-offs guide many of the engineering strategies discussed in
Section 2.3.2
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ii. Transport-mechanics coupling and electrical isolation

Si's inherently low electrical conductivity (~10° S cm) hinders
uniform charge distribution, and its limited ionic transport produces
gradients in Li concentration across the particle.”>”” These gradients
amplify the stress differential between the lithiated surface and
unlithiated core, reinforcing crack propagation under cycling. Once
fractures occur, electrical pathways break and the newly isolated
fragments rapidly lose capacity, giving rise to the “electrical isolation”

problem characteristic of pure Si anodes.”

iii. Interfacial instability and SEI evolution

Operating at low potentials causes Si to initiate electrolyte reduction
early, forming an SEI layer that evolves continuously with cycling.
Large volume oscillations fracture the SEI, prompting repeated re-
formation and continuous consumption of Li* and electrolyte.”-$
Progressive SEI thickening increases impedance, while decomposition
products can fill surface pores and hinder Li* ion transport. Even with
additives such as fluoroethylene carbonate (FEC), thick-film Si
electrodes still experience stress-induced interphase cracking unless
the SEI is mechanically reinforced.®!8657

This unstable interfacial chemistry, coupled with mechanical stress,
underpins the rapid impedance growth and fading observed in most

high-capacity Si anodes.

iv. Processing and practical constraints

While nanostructuring alleviates mechanical damage, it introduces
new challenges at the electrode level. Low tapped density of nanoscale
Si limits volumetric energy density, and severe electrode swelling
during cycling compromises adhesion and packaging.”® Additionally,
the critical cracking thickness (CCT) during slurry casting restricts the

achievable loading of Si-rich electrodes.’® At elevated temperatures
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(150-300 °C), reactions between lithiated Si, organic SEI species, and
carbonate solvents become exothermic, potentially triggering thermal
runaway.® These factors underscore the gap between laboratory

performance and practical cell integration.

2.3.2 Strategies to improve silicon anodes

Given the severe chemo-mechanical degradation, interfacial instability,
and transport limitations discussed in Section 2.3.1, extensive research
has focused on strategies to stabilize Si anodes. These approaches can
be categorized according to the scale of intervention, from the intrinsic
Si particle to the full electrochemical system, each addressing a distinct

degradation mechanism.

i. Silicon-level engineering

e Nanoscaling and size optimization
Because Si fractures when its dimensions exceed the critical radius,5%7°
reducing particle size into the nanoscale regime enables elastic
accommodation of strain and suppresses cracking, as discussed in
Section 2.3.1.° Experimental studies show that nanostructuring
effectively delays fracture and maintains electrical contact during
cycling. However, excessively small particles increase surface area and
side reactions,” demanding a careful balance between mechanical
stability and interfacial control.

e Prelithiation and phase preconditioning
Prelithiating Si, either electrochemically, chemically, or mechanically,
forms LixSi or a-Si phases before full cycling, which helps to reduce the
first-cycle irreversible loss and alleviate stress from phase
transformations.®® Contact prelithiation in electrolytes, composed of
dimethyl carbonate and 1.0 M lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI/DMC), forms a mixed ion-

electron conductor layer that preserves electronic connectivity and
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pushes the ICE up to =98 % in full cells.”* Similarly, pre-amorphization
of ¢-Si can soften lithiation pathways and improve mechanical.*?
e Porosity and internal void design

Porosity engineering provides one of the most effective structural
solutions to the intrinsic expansion problem. Introducing controlled
internal voids reduces the effective modulus, provides free volume for
expansion, and creates continuous ion-diffusion pathways.* Porous Si
frameworks, comprising bicontinuous nanoligaments or mesoporous
networks, allow isotropic swelling within pores while preserving a
mechanically robust skeleton for electron and ion transport. For
instance, “ant-nest-like” porous Si derived from Mg-Si dealloying
retained > 90 % of its capacity after 1000 cycles when carbon-coated,
with minimal electrode swelling and energy density of 502 Wh kg in
full cells with NMC111.%

Porosity therefore stands as a unifying design principle, providing
mechanical compliance, shortened diffusion paths, and improved

interfacial stability, making it a central focus of this thesis.

ii. Interface and surface-level engineering

Because the Si surface directly governs SEI formation and electron
leakage, engineering this interface is critical to suppress side reactions
and mechanical fracture.

e Oxide coatings and artificial SEI layers

Ultrathin oxides such as SiO:, Al2Os, and HfO: have been used as
conformal coatings to act as artificial SEI layers.* SiO2 coatings (~ 7 nm)
balance Li* transport with surface passivation,” while Al2Os provides
higher fracture toughness (2.7-4.2 MPa m'?), HF resistance, and
promotes LiF-rich SEI formation.”'2 HfO: coatings offer outstanding
chemical stability and suppressed parasitic reactions, achieving ICE =

79 % and ~ 70 % capacity retention after 100 cycles.'® These coatings
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act as mass-transport regulators and mechanical clamps, preserving
the integrity of the Si particle during cycling.
e Carbon and hybrid shells
Amorphous carbon, graphene, carbon nanotubes (CNTs), and MXenes
have been employed as conductive and flexible shells to enhance
electron transport while buffering mechanical stress.t#1%41% For
example, MXene@SiNPs@N-carbon foam retained ~ 857 mAh g after
500 cycles and delivered = 433 Wh kg in full cells.’ Similarly, Zeolitic-
derived carbon cages around Si reduced the charge-transfer resistance
from 542 Q to 189 () and maintained > 1000 mAh g after rate cycling.!?”
¢ Yolk-shell and hollow architectures
Yolk-shell designs can be viewed as engineered interfacial systems,
where a deliberate void space separates the Si core (“yolk”) from an
outer shell of carbon or oxide. This void buffers = 300 % expansion and
maintains a stable lateral SEI on the shell surface. Such structures
typically sustain >80 % capacity after 500-1000 cycles at high rates.!
e Artificial and polymeric SEI films
Beyond inorganic coatings, polymeric films, such as polyimides,
polydopamine,'® or ion-conductive gels,'® are used to pre-form
flexible SEI layers that reduce electrolyte consumption and enhance
mechanical cohesion. These layers stabilize the dynamic Si-electrolyte

interface under large volumetric changes.

iii. Electrode-level engineering
The performance of Si cannot be decoupled from the overall electrode
structure, where conductive networks, binders, and active/inactive
phase balance govern mechanical and electrochemical stability.
e Conductive additives and architecture
A homogeneous distribution of conductive carbon ensures continuous

electron pathways as Si expands and contracts. Hierarchical designs
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combining micro- and nanoscale porosity also facilitate electrolyte
access and mitigate internal stress.

¢ Graphite inclusion and composite design
Embedding Si nanoparticles within a graphite matrix yields a graphite-
Si composite that combines the high capacity of Si with the mechanical
resilience and conductivity of graphite. The graphite framework
provides continuous percolation, high tapped density, and buffers
mechanical strain.!'' In particular, graphite-Si-C/TiO2 composites
achieved ICE = 80-83 %, tapped density = 0.82 g cm?, and stable
capacities near 920 mAh g for 900 cycles, corresponding to = 288 Wh
kg1 in full cells.!? Graphite’s layered structure also smooths potential
profiles, minimizing local Li plating.

e Binders
Elastic and self-healing binders maintain electrode cohesion during
repeated volume changes. Examples include polyrotaxane-polyacrylic
acid networks that dissipate mechanical strain and retain = 85 %
capacity after 370 cycles,"'> and MXene-based conductive binders
enabling unusually thick electrodes (= 450 um, 23 mAh cm?) without
delamination.”* Such binders are particularly relevant for porous-Si

and G-5i industrial coatings.

iv. Cell-level and electrochemical-environment optimization

Even with optimized materials, electrochemical parameters strongly
influence stability.

¢ Electrolytes and additives

FEC remains the benchmark additive, forming LiF-rich SEI that
enhances modulus and mitigates crack propagation in thick films.%-
8115 Localized high-concentration electrolytes (LHCEs), such as
lithium bis(fluorosulfonyl)imide (LiFSI) in triethyl phosphate
(TEP)/FEC, improve safety (non-flammability) and maintain > 90 %
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capacity after 600 cycles at C/2.1"® Polymer electrolytes like
pentafluorophenyl isocyanate (PFPI) form flexible SEI but may reduce
LiF content.!?”

¢ Operating parameters
Limiting the potential window (typically 0.05-1.0 V vs Li/Li*)
minimizes deep lithiation and associated stress.!8
Gradual current-rate ramping during formation cycles promotes

uniform SEI growth and reduces localized fracture.'”

2.4 Porous Silicon Synthesis and Structural
Design

Porous Si has emerged as one of the most effective architectures for
mitigating the chemo-mechanical degradation of Si anodes, offering
free volume for expansion, reduced diffusion distances, and robust
electron/ion transport networks. The design and synthesis of porous Si
can be broadly divided into top-down and bottom-up approaches,
each enabling distinct control over pore morphology, distribution, and
connectivity. The resulting structures, ranging from isotropic sponge-
like frameworks to anisotropic mesochannels, strongly influence
lithiation dynamics, mechanical resilience, and electrochemical
performance.’? Figure 2. 3 shows the classification of porous Si
production methods with major routes including etching,
metallothermic reduction, hydrothermal synthesis, template-based

synthesis, and dealloying.
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Figure 2. 3 Hierarchical classification of porous silicon production routes.

2.4.1 Chemical Etching

Chemical etching of Si relies on the dissolution of Si in corrosive fluids,
primarily HF, sometimes with oxidants, or alkaline solutions, yielding
various porous morphologies. These methods can be further classified
by whether they produce isotropic (direction-independent) or

anisotropic (directionally selective) pore structures.

2.4.1.1 Isotropic Acidic Etching

Isotropic etching with acids, especially mixtures of HF and oxidants
such as HNOs, removes Si non-preferentially, forming “sponge-like”
networks of randomly interconnected pores.!?'-123 This produces a high
surface area, highly disordered porous structure typical of
microporous and mesoporous Si.

For example, stain etching and wet chemical etching of SiO-derived Si
nanoparticles yield thin-walled, hollow Si particles capable of
withstanding significant strain during cycling.!?*'% These architectures

accommodate volume expansion and support high specific capacities,
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though their high reactivity and surface area may accelerate SEI

formation and side reactions.

2.4.1.2 Anisotropic Alkaline Etching

In contrast, anisotropic etching, using alkaline solutions like KOH or
NaOH, proceeds along specific crystallographic directions. The result
is the formation of well-aligned, faceted pores, trenches, or
microchannels.’?'?” While less common in battery research, these
anisotropic etching methods can yield highly ordered, directionally
controlled pore architectures, potentially advantageous for tailored

electrode design.
2.4.1.3 Metal-Assisted Chemical Etching (MACE)

A special subclass is metal-assisted chemical etching, in which a noble
metal catalyst (e.g., Ag) is deposited on the Si surface and the sample
is then immersed in an HF/H:02 solution.!?® The presence of the metal
dramatically increases local etch rates, resulting in vertically aligned,
anisotropic pores or nanowires. Such architectures offer high
electrolyte access, short diffusion paths, and increased tolerance to
volume changes.

2.4.1.4 Structural Consequences

The chemical etching route allows fine control over pore size and
volume but can generate harmful byproducts and defects, and may
introduce impurities or non-uniformities in pore size. Uniform
mesoporous shells and hollow core-shell morphologies have been
shown to buffer expansion and promote long-term stability, but

challenges remain in large-scale application and SEI management.'?

2.4.2 Electrochemical Etching
Electrochemical etching uses an external electrical bias to drive Si

dissolution in HF-based electrolytes. The process allows highly
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tunable control over pore size, porosity, and depth by adjusting
current density, voltage, and etching time.120130-132

Depending on the substrate orientation and etching conditions, the
resulting porous structure may be isotropic, characterized by random
sponge-like pores, or anisotropic, featuring vertically aligned channels.
Electrochemically etched mesoporous Si sponges have shown a strong
ability to accommodate volume expansion, suppress particle fracture,
and sustain stable cycling. The modulation of current density enables
tailored pore architectures that optimize ion transport and mechanical
integrity. However, this method requires high-purity, conductive Si
wafers and specialized equipment, while generating hazardous

gaseous byproducts, all of which constrain its scalability.

2.4.3 Metallothermic Reduction

Metallothermic reduction, especially magnesiothermic reduction,
converts SiO: (often from low-cost sources like rice husk ash) into
elemental Si using magnesium at elevated temperatures, followed by
acid washing to remove byproducts such as MgO and expose the
porous structure.!33-137

This method enables the formation of hierarchical porous Si with
macroporous, mesoporous, or fibrous morphologies, depending on
the precursor characteristics and reaction parameters. Several
modified approaches have been developed, including Zn-assisted
magnesiothermic reduction,'®* which improves control over porosity
and mitigates particle aggregation, as well as microemulsion-assisted
synthesis for producing monodisperse Si nanospheres.!® Despite its
versatility, the highly exothermic nature of the reduction process can
hinder precise control of pore size and distribution. Nevertheless, the
resulting three-dimensional interconnected porous Si exhibits

remarkable tolerance to volumetric strain and delivers high and stable
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capacities. Safety concerns related to reaction exothermicity and the
management of residual impurities remain significant challenges for

large-scale implementation.

2.4.4 Hydrothermal Synthesis

Hydrothermal synthesis dissolves and reprecipitates Si species under
high temperature and pressure, sometimes in the presence of
surfactants that guide nanoparticle aggregation into porous
networks. 138142

This method can generate a wide range of architectures, including
honeycomb-like  Si, nanowires, hollow nanospheres, and
monodispersed nanoporous Si, with morphology tunable through
reaction temperature, time, and precursor composition. Si produced
by hydrothermal routes typically exhibits high crystallinity,
mechanical robustness, and adjustable porosity. The process is
comparatively clean and environmentally benign; however, its
scalability is limited by batch-to-batch variability and the requirement
for sealed, high-pressure reactors. Structurally, the formation of Si
nanospheres and nanowires allows uniform stress distribution,
minimizes fracture caused by volume expansion, and contributes to

improved electrochemical cycling stability.

2.4.5 Template-Based Synthesis and Dealloying
Template-based synthesis employs a sacrificial template, such as silica
spheres or metallic frameworks, which is infiltrated or coated with a Si
precursor and subsequently removed to leave a negative replica of the
original structure.!43-147

Depending on the type of template used, this approach can be
categorized into hard templating, utilizing materials such as
mesoporous silica or dealloyed metals, and soft templating, which

relies on block copolymers or organic assemblies. Dealloying of Si-rich
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alloys followed by selective etching can also yield porous Si
frameworks with tunable porosity. This method offers exceptional
control over pore size, geometry, and connectivity, enabling the
fabrication of highly ordered, anisotropic, or hierarchical porous
architectures. However, the complexity and cost associated with
template preparation and removal, along with the risk of impurity
introduction during processing, present significant challenges for

large-scale implementation.

2.5 Structural Features: Isotropy, Anisotropy,
and Hierarchical Architectures

Regardless of preparation route, the structure of porous Si, specifically,
whether the porosity is isotropic or anisotropic, and whether the
material is monomodal or hierarchical, crucially impacts battery
performance.

Isotropic Porosity: Produced mainly by acid etching, stain etching, or
some hydrothermal methods, featuring randomly interconnected,
“sponge-like” pores. Provides uniform buffering space for expansion,
but may be prone to side reactions due to high surface area.!24125141,145-
150

Anisotropic Porosity: Generated by alkaline etching, MACE, or
template synthesis, yields aligned pores or channels, allowing rapid,
directional Li* transport and efficient buffering of volume
Changes.128’129’143’144’151

Hierarchical Porosity: Combining micro-, meso-, and macropores can
harness the strengths of each, micropores for capacity, mesopores for
transport, macropores for expansion buffering and electrolyte
reservoir. Hierarchical 3D networks maximize utilization and

Stabﬂity.94’129’138’139/152
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Pore connectivity (“pore openness ratio”) is as important as size, high
connectivity ensures continuous access to internal Si, prevents “dead

volume”, and supports robust cycling.!?

2.6 Toward sustainable approaches

Although structural and interfacial engineering have advanced Si-
based anodes, achieving sustainability and scalability remains
essential for their widespread adoption. Recent efforts focus on green,
HF-free synthesis routes that minimize environmental impact while
maintaining performance. Among these, the urea-assisted
thermochemical approach developed in this work offers a safe and
energy-efficient pathway for producing porous Si through in-situ
reactions at moderate temperatures, eliminating corrosive HF use. In
parallel, renewable silica feedstocks such as rice husks, diatoms, and
other agricultural residues enable low-cost, circular-economy routes to
high-capacity porous Si via magnesio- or aluminothermic reduction.!
Complementary low-energy fabrication techniques, including
mechanical milling, sol-gel, spray-drying, and mild CVD, further
reduce process intensity and remain compatible with standard
industrial electrode manufacturing.’® Industrial developments
increasingly converge toward graphite-Si composites with optimized
surface chemistries and electrolytes as near-term solutions for high-
energy lithium-ion cells.""! Integrating porous Si within conductive
graphite matrices, as pursued in this thesis, thus represents a
sustainable and commercially aligned strategy for next-generation

anodes.
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3 Methodology

This chapter describes the experimental methods used in this work,
beginning with the thermochemical synthesis of porous Si, followed
by electrode fabrication and electrochemical characterization. The

overall workflow is summarized in Figure 3.1.

Raw Materials

@ Si + Urea — manual mixing

ﬂﬁ)ﬂ%’ Thermochemical Treatment

Ee==a Autoclave 220 °C / Crucible
220-800 °C

v

E;: Removal of urea by-products
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Characterization

SEM/EDS, BET/BJH, PSD,
XRD, Raman, XPS.

v

Electrode Fabrication

NG, Si, SA - slurry — Cu

v

ﬁ Electrochemical Testing

f? CV, GCD, EIS, rate capability

Figure 3. 1 Schematic representation of the experimental workflow for the synthesis,
characterization, and electrochemical evaluation of porous silicon microparticles and

composite electrodes.
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3.1 Synthesis of porous silicon

Metallurgical-grade polycrystalline Si microparticles (SicoMill Grade
2E, purity 98-99%, Vesta Si Sweden AB, Sweden) were used as the
starting material without additional purification. Their average
particle size was ~5 um, with a Brunauer-Emmett-Teller (BET) surface
area of 2.3 m? g and negligible initial porosity. Urea (ACS grade,
299.5%, Sigma-Aldrich) served as the etching agent.

Si microparticles were blended with urea in a 1:2 weight ratio (Si:urea)
using an agate mortar and pestle for 10 min to ensure homogeneity.
The mixture was then subjected to thermochemical treatment either
under high pressure (autoclave) or atmospheric pressure (ceramic
crucible) in a programmable furnace (Nabertherm). A two-step
heating protocol was applied: heating to 135 °C at 5 °C min?! and
holding for 1 h to melt urea and facilitate infiltration, followed by
heating to the target temperature (220-800 °C) at 10 °C min? and

maintaining for 12 h.
Two conditions were investigated:

e High-pressure treatment (Si-220-HP): carried out at 220 °Cin a
PTFE-lined autoclave (25-100 mL capacity) to confine
decomposition gases.

e Atmospheric-pressure treatments (Si-220-AP, Si-400-AP,
5i-600-AP, Si-800-AP): performed in ceramic crucibles at
220-800 °C.

After thermal treatment, all samples were thoroughly washed with
boiling deionized water to remove residual urea by-products (e.g.,
biuret, cyanuric acid), filtered, and dried. This washing was essential

for low-temperature samples where incomplete decomposition could
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leave residues. The washed products were designated as follows:
Si-Pristine, S5i-220-HP, Si-220-AP, Si-400-AP, Si-600-AP, and Si-800-AP.

For subsequent electrode studies (section 3.2), the Si-220-HP sample
was selected as the representative porous Si material due to its

balanced porosity and structural integrity.

3.2 Electrode preparation

Composite electrodes were fabricated using nanographite (NG),
porous or pristine Si, and sodium alginate (SA) binder. NG was
produced via large-scale liquid-phase shear exfoliation of expanded
graphite, yielding a mixture of graphene, few-layer graphene, and
graphite nanoplatelets. SA (Fisher Scientific) was chosen as a water-
soluble binder with high mechanical strength and abundant carboxyl
groups, known to enhance electrode stability and coulombic efficiency.

Copper foil (25 um, 99.9%, Goodfellow) served as the current collector.

Electrode slurries were prepared by dispersing the solid components
in deionized water (30 mL) and homogenizing with an Ultra-Turrax
T25 shear mixer at 10,000 rpm for 1 h. Slurry formulations
corresponded to mass ratios of NG:Si:SA = 9:0:1, 8:1:1, 7:2:1, and
4.5:4.5:1, yielding electrodes with 0, 10, 20, and 45 wt% Si, respectively.
Both pristine Si (PrSi) and porous Si (PoS;, i.e., Si-220-HP) were used,
producing a total of seven electrode types (Table 3.1).

The resulting slurries were cast onto Cu foil, dried at room
temperature for 24 h, and punched into 16 mm diameter disks with a
typical active material loading of ~1 mg cm™2. Coin cells (CR2032 type)
were assembled in an Ar-filled glovebox, using Li metal foil as
counter/reference electrode, Celgard 2325 separator, and 1 M LiPFs in
EC/DEC (1:1 v/v) as electrolyte
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Table 3. 1 Electrode formulations

Composition (slurry)

Electrode NG:Si:SA ratio  Si type

NG Si SA

(mg) (mg) (mg)
NGE 9:0:1 - 252 0 28
PrSi-10/NGE 8:1:1 Pristine 224 28 28
PrSi-20/NGE ~ 7:2:1 Pristine 196 56 28
PrSi-45/NGE ~ 4.5:4.5:1 Pristine 126 126 28
PoSi-10/NGE ~ 8:1:1 Porous (5i-220-HP) 224 28 28
PoSi-20/NGE ~ 7:2:1 Porous (Si-220-HP) 196 56 28
PoSi-45/NGE  4.5:4.5:1 Porous (Si-220-HP) 126 126 28

3.3 Characterization techniques

Textural analysis: Surface area and pore size distribution were
determined by N: adsorption-desorption (TriStar II Plus,
Micromeritics), using the BET method for surface area and BJH for
pore size distribution. Samples were degassed at 300 °C for 1 h prior

to measurement.

Morphology and composition: SEM (TESCAN MAIA3 Triglav™) was
used for imaging, with EDS for elemental mapping. PSD was
measured via laser diffraction (Mastersizer 3000, Malvern) with wet

dispersion.

Structural analysis: XRD (PANalytical X'Pert Powder, Cu Ka,
20 = 10-80°) was used for phase identification, and Raman
spectroscopy (Horiba XploRA PLUS, 532 nm excitation) probed
bonding and crystallinity.
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Surface chemistry: XPS (Kratos Axis Supra+, Al Ka source) was
conducted under ultrahigh vacuum, with high-resolution scans at
20 eV pass energy and survey scans at 80 eV. Binding energies were
calibrated to O 1s at 532.8 eV.

Thermal stability: TGA (Netzsch STA 449 F1 Jupiter) was carried out
from room temperature to 1100 °C under sequential N2 and O:

atmospheres to evaluate decomposition and oxidation behavior.

Electrochemical characterization: CV (0.01-1.5 V, 0.1 mV s7),
galvanostatic charge-discharge cycling (0.01-1.5 V, 0.1C unless
otherwise noted), rate capability tests, and EIS (0.1 Hz-100 kHz) were
performed using a PARSTAT MC multichannel
potentiostat/galvanostat (Ametek). Capacities were normalized to the

mass of active material (Si + NG).
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4 Results and Discussion

4.1 Development of porous silicon
microparticles (Paper I)

The development of porous Si microparticles formed the first stage of
this work. The goal was to establish a scalable, environmentally benign
thermochemical route to induce porosity in metallurgical-grade Si,
eliminating the need for HF while maintaining crystalline integrity.
The approach relied on the decomposition of urea under controlled
thermal and pressure conditions to trigger simultaneous chemical
modification and mechanically assisted pore formation within the Si

particles.

Upon heating above its melting point (~135 °C), urea is expected to
infiltrate the voids between Si microparticles and gradually
decompose, producing gaseous ammonia (NHs), isocyanic acid
(HNCO), and carbon dioxide (COz). These products play
complementary roles: NHs and HNCO interact with the native surface
oxides of Si, potentially forming unstable —Si-O-H species that can be
displaced by water molecules present during the treatment or later at
post-treatment washing.'> Meanwhile, the evolution of gases,
especially within a confined environment, creates transient pressure
gradients that mechanically disrupt the surface. Prior mechanistic
studies have shown that partially decomposed urea and its
intermediates (e.g., biuret, cyanuric acid) can form a viscous, foam-like
melt that expands within confined spaces before solidifying.!¢15 This
expansion, coupled with chemical interaction at the gas-solid interface,
is believed to contribute to the initiation of mesoporosity under
relatively mild conditions. The structural transformation of pristine Si

into mesoporous particles following urea-assisted treatment is
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illustrated in Figure 4.1, combining SEM and nitrogen sorption

analyses.
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Figure 4. 1 Morphological and textural characteristics of pristine and urea-treated

silicon microparticles. (a-b) Dense, non-porous pristine silicon (Si-Pristine). (c-d)

Si-220-HP showing surface roughening and well-connected mesopores formed under

confined conditions. (e-f) Si-400-AP exhibiting more open surface structures after

atmospheric treatment. (g-h) Nitrogen adsorption-desorption isotherms and BJH pore

size distributions confirming mesoporosity. (i) Comparison of BET surface area, pore

volume, and average pore diameter as a function of treatment condition.

34



The untreated Si consisted of dense, angular microparticles (~4-5 um)
with smooth surfaces and negligible porosity, as confirmed by SEM
and nitrogen sorption analyses (BET surface area = 2.3 m? g, pore

volume = 0.003 cm? g).

Upon treatment, two samples stood out (5i-220-HP and Si-400-AP)
both exhibiting pronounced surface restructuring and the
development of mesoporosity. The Si-220-HP sample displayed
roughened surfaces with well-connected mesopores (~4 nm) visible in
SEM, consistent with its high measured surface area (26.7 m? g') and
pore volume (0.028 cm?® g'). These features are attributed to confined
urea decomposition gases that remain in contact with the Si surface,
inducing localized mechanical stress and chemical etching. In contrast,
Si-220-AP, treated under open conditions, exhibited only surface
roughening and occasional microcracks in localized areas, which were
not consistently observed for all particles in agreement with its lower
BET surface area (4.4 m2g'). At elevated temperatures (400-800 °C), the
morphology evolved from fine to coarser textures. The Si-400-AP
sample exhibited a visibly rougher surface with numerous
interconnected pore openings and achieved the highest total pore
volume (0.039 cm?® g), reflecting more extensive surface modification
at this temperature. Further heating to 600 °C and 800 °C resulted in
rapid urea decomposition and gas escape,’®'5® producing primarily
surface roughness rather than developed pore networks. Under these
conditions, reactions appeared surface-limited and transient,

preventing extended porosity formation.

Gravimetric analysis supported these textural observations: the
highest etching yield (17.5 %) and rate (14.6 mg h!) were measured for
Si-400-AP, followed closely by Si-220-HP (15.2 %, 12.7 mg h™). The

corresponding overall porosity was estimated at ~6-8 %, confirming
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that moderate temperature and effective gas confinement are key

factors in determining the extent of modification.!>*-161

Elemental characterization further clarified the role of the reaction
atmosphere. EDS analysis revealed an increase in surface oxygen from
~3 wt % in pristine Si to ~27 wt % in Si-220-HP and ~32 wt % in
Si-400-AP. This trend correlates with increased surface area and
indicates enhanced oxidation of newly exposed surfaces. Under
confined conditions, decomposition gases (NHs, HNCO) and residual
moisture may promote a dynamic cycle of surface oxidation and
partial dissolution, leading to the formation of pores while altering the

surface chemistry which will be seen later.162-164

X-ray diffraction (Figure 4. 2 a) confirmed that all treated samples
retained the diamond-cubic Si structure (JCPDS 27-1402),'%> with only
minor broadening of the (111) peak. The apparent crystallite size!®
decreased from ~55 nm in pristine Si to ~48 nm after treatment,
indicating slight microstrain and lattice refinement without the
formation of amorphous phases.'®”1¢ Raman spectroscopy (Figure 4.
2 b) supported these findings: all samples displayed the characteristic
first-order phonon near 520 cm, with the treated materials showing a
small redshift (to = 518.6 cm™') and moderate peak broadening (FWHM
~13-16 cm™). These features suggest the presence of local disorder and
phonon confinement effects arising from nanostructuring and surface

oxidation '® rather than bulk structural collapse.!70-172
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mild lattice disorder in urea-treated silicon microparticles.
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X-ray photoelectron spectroscopy provided additional insight into
surface chemistry (Figure 4. 3). The Si 2p spectra of treated samples
were dominated by oxide-related peaks, while a new N 1s signal
appeared between 398.5 and 402.5 eV. Deconvolution identified
components associated with Si-N (~398.5 eV), amine (-NHz, ~399.5 eV),
protonated amine (-NHas*, ~401 eV), and oxidized nitrogen (NOx,
~402.5 eV).17-17> These nitrogen species indicate partial incorporation
of urea-derived intermediates and contribute to the formation of
chemically enriched surfaces composed of mixed Si-O and Si-N
functionalities. Complementary thermogravimetric analysis showed
that the treated porous Si exhibited delayed oxidation onset (~900 °C,
compared with ~650 °C for pristine Si), consistent with the presence of
surface layers that limit oxygen diffusion and promote passivation
(Paper 2).
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Figure 4. 3 XPS spectra showing surface chemistry changes in urea-treated silicon

microparticles.

Overall, the urea-assisted thermochemical process appears to promote
a combination of chemical etching and mechanical restructuring that
generates mesoporosity while preserving crystallinity. Among the
examined materials, Si-220-HP demonstrated the highest surface area,
a balanced pore network, and chemically diverse surface states,
whereas Si-400-AP achieved greater pore volume through extended
gas-phase interaction. The Si-220-HP material was therefore selected
for further investigation, as it offered a promising balance between
porosity, surface modification, and potential passivation, making it a
suitable candidate for integration into composite anodes discussed in

the following section.
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4.2 Integration of porous Si into graphite-
based composite anodes (Paper II)

The electrochemical evaluation of the urea-derived porous Si (PoSi)
focused on its integration within graphite-based composite electrodes
and the resulting influence on performance compared to electrodes
containing untreated pristine Si (PrSi). The objective was to assess
whether the improved morphology and surface chemistry of PoSi,
developed through the thermochemical route described in Section 4.1,
translate into measurable electrochemical advantages when

incorporated into LIB anodes.
This article includes studies on:

e Electrode Formation and Morphology

e Cyclic Voltammetry

e Electrochemical Impedance Spectroscopy (EIS)
e Cycling Stability and Rate Capability

The detailed results and discussion related to this article are not
available in this version of the thesis, as the manuscript is currently
under review for publication. The content will be made accessible once

the publication has been approved.
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5 Conclusions and Outlook
5.1 Main conclusions

This thesis establishes a green thermochemical route for modifying Si
microparticles using urea as a benign etchant. Under confined
conditions at moderate temperature, urea decomposition yields Si
with well-connected surface mesopores while preserving the
diamond-cubic crystal structure. The most distinctive textures were
obtained for Si-220-HP (highest surface area, ~26.7 m? g') and
Si-400-AP (largest total pore volume, ~0.039 cm?® g), corresponding to
an overall porosity on the order of 6-8%. XPS revealed the formation
of Si-O and Si-N surface species, and thermogravimetry indicated
delayed oxidation onset relative to pristine Si, consistent with partial
passivation. Raman and XRD confirmed that the modifications are
surface-confined and do not compromise bulk crystallinity.

When integrated into graphite-based composite anodes, the porous Si
(6i-220-HP, PoSi) exhibited clear performance gains over pristine Si
(PrSi) at equivalent loadings. Cyclic voltammetry showed sharper and
more distinct Si redox features for PoSi composites after the initial
formation cycle, while galvanostatic cycling demonstrated markedly
improved capacity retention at moderate Si contents. After 100 cycles
at 0.1 C, PoSi-10/NGE retained ~636 mAh g' from ~701 mAh g
initially (=90% retention), and PoSi-20/NGE retained ~888 mAh g
from ~1000 mAh g' (=89% retention), whereas corresponding PrSi
composites declined toward graphite-level performance. Rate tests
further showed 65-75 % capacity retention at 1 C and 60-70 % at 2 C
relative to 0.1 C, with nearly full recovery upon returning to 0.1 C. This
demonstrates that the porous Si structure and its interface with
graphite remain mechanically and electrochemically stable under

varying current loads. Although impedance measurements indicated
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slightly higher charge-transfer resistance for PoSi, likely due to
increased surface area and oxide coverage, this did not hinder long-
term cycling stability.

Overall, the results confirm that urea-assisted thermochemical
modification provides a scalable, HF-free route to mesostructured Si,
where moderate porosity and tailored surface chemistry translate into
tangible electrochemical improvements. At Si contents < 20 wt %, the
porous architecture offers partial mitigation of volume change,
enhanced Li-ion transport, and chemically stable interfaces within the
graphite matrix, leading to higher capacity and superior retention
compared with pristine Si. These findings establish a solid foundation
for future studies on stand-alone porous Si anodes and post-mortem
analyses aimed at clarifying how porosity and surface chemistry

govern lithium transport, stability, and long-term degradation.

5.2 Limitations of the study

Although this study successfully demonstrates a green, urea-assisted
route for producing porous Si and its integration into graphite-based
composite anodes, several limitations should be noted.

First, the synthesis and treatment steps were carried out on a
laboratory scale. While the process is conceptually scalable and avoids
hazardous chemicals, further work is needed to evaluate uniform
heating, gas confinement, and reproducibility when scaled up.
Second, the characterization focused mainly on surface and structural
features after treatment. The exact mechanisms that govern pore
formation, particularly the roles of transient intermediates and gas-
solid interactions, were not directly observed. Similarly, although Si-O
and Si-N surface species were detected, their detailed spatial
distribution and long-term stability under cycling remain to be

clarified.
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Electrochemical testing was limited to half-cell configurations with
moderate Si loadings (< 20 wt%). The study did not include stand-
alone porous Si anodes, full-cell systems, or long-term cycling beyond
100 cycles. As a result, the long-term degradation mechanisms and SEI
evolution were not fully addressed.

Finally, the mechanical benefits of porosity were inferred from
electrochemical behavior rather than measured directly. Additional in
situ and post-mortem analyses will be required to confirm how
porosity and surface chemistry influence structural stability during

cycling.
5.3 Future work

The findings of this thesis provide a solid foundation for continued
exploration of sustainable Si anodes, but several key directions remain

open for future research.

e Toward stand-alone porous silicon anodes

Future work will focus on developing stand-alone porous Si anodes
derived from the urea-assisted synthesis route. The promising results
obtained from composite electrodes suggest that the moderate
porosity and surface passivation achieved in this work could support
stable electrochemical performance even without graphite buffering.
To realize this, further optimization of particle morphology, porosity
gradient, and surface composition will be necessary to balance ion
accessibility with mechanical integrity.

Electrode engineering will also play a critical role, for example,
exploring alternative binders and conductive matrices that can
accommodate volume fluctuations while maintaining electronic
connectivity. Moreover, full-cell configurations against commercial
cathodes will be required to assess the practical energy density,

coulombic efficiency, and compatibility of porous Si with industrially
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relevant electrolytes. These studies will help bridge the gap between
proof-of-concept composites and functional, stand-alone porous Si

anodes suitable for next-generation lithium-ion batteries

e Porosity and degradation mechanisms: an outlook
Understanding how porosity and surface chemistry influence the long-
term behavior of Si-based anodes remains a crucial step toward their
practical deployment. Future studies should therefore include
systematic post-mortem and in situ analyses to track structural and
chemical evolution during cycling. Techniques such as focused ion
beam-SEM, transmission electron microscopy, and X-ray tomography
could be used to visualize pore collapse, crack propagation, and SEI
growth in real time. Complementary spectroscopy (XPS, FTIR, NMR)
may reveal how surface species such as Si-O and Si-N evolve under
repeated lithiation-delithiation.

These analyses will clarify whether the moderate porosity introduced
through the urea-assisted route primarily facilitates lithium transport,
buffers mechanical stress, or contributes to surface passivation, and
how these factors change with cycling and electrolyte interaction. A
deeper mechanistic understanding of these degradation pathways will
guide the design of optimized porous architectures and surface
chemistries, improving both stability and capacity retention in future

Si anode materials
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