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Abstract

This thesis evaluates barley husk as a sustainable, multifunctional precursor for silica/carbon and
silicon/carbon composite anodes for rechargeable lithium-ion and sodium-ion batteries. Barley
husk, combining carbonaceous and silica-rich fractions within a single biomass feedstock, is
converted using scalable thermal processing and low-complexity post-treatment. Processing-
structure relationships are established using complementary characterisation, including X-ray
diffraction, Raman spectroscopy, electron microscopy with elemental mapping, X-ray

photoelectron spectroscopy, thermogravimetric analysis, and nitrogen sorption.

In lithium half-cells, an optimised barley-husk-derived silica/carbon composite delivers ~380 mAh
g ! at C/5 and retains 87.9% of its capacity after 400 cycles, with coulombic efficiency rising
above 98% after the initial formation period. The initial Coulombic efficiency (~60%) is limited
by irreversible lithium consumption associated with solid-electrolyte interphase (SEI) formation
and partial SiO2 conversion. Kinetic analysis indicates mixed storage with a predominantly
surface-controlled contribution, consistent with fast charge transfer within a porous hard-carbon-
like framework. Building on this platform, silicon nanoparticles are incorporated into the biomass-
derived matrix to access alloying-driven capacity while retaining the mechanical buffering and
interfacial stabilisation provided by the carbon network; a composition window is identified in
which reversible capacity increases without compromising cycle stability. Feasibility is further
demonstrated in a lithium-ion full cell paired with a layered oxide cathode, highlighting a route

towards device-relevant architectures.

For sodium-ion batteries, barley-husk-derived hard carbon is tuned through carbonisation to
control disorder, interlayer spacing, and nanopore population, enabling the characteristic sloping
and low-voltage plateau contributions to sodium storage and providing practical guidance on
balancing capacity, first-cycle irreversibility, and rate performance. Overall, the thesis provides an
integrated processing-structure-electrochemistry framework and supports barley husk as a low-

cost precursor for composite anodes across lithium-ion and sodium-ion chemistries.
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1. General introduction

1.1. Background and motivation

Efficient and affordable electrochemical energy storage is a central requirement for global
decarbonisation efforts and for the ongoing electrification of transport and stationary energy
systems. Electricity generation from renewable sources such as solar photovoltaics and wind
power is expanding rapidly, yet their inherently variable output creates mismatches between supply
and demand, which must be addressed by storage technologies capable of supporting stable and
flexible grid operation.!' 2! Rechargeable batteries are central to this transition, underpinning

portable electronics, electric vehicles and an emerging class of grid-scale storage installations.* 3]

Lithium-ion batteries (LIBs) currently dominate the rechargeable battery market owing to their
high energy density, good cycle life and steadily decreasing cost per kilowatt-hour.[] Despite these
advantages, increasing attention has been directed toward issues of resource availability,
environmental impact and the long-term cost of key battery materials such as lithium, cobalt and
nickel have stimulated interest in complementary chemistries based on more abundant metals."!
Sodium-ion batteries (SIBs), in particular, are attracting attention as promising candidates for
medium- and large-scale storage due to the wide availability and low cost of sodium salts, despite
their somewhat lower energy density compared with LIBs.! 6] At the same time, the sustainability
and cost structure of electrode materials have become increasingly important considerations in

battery development.!”!

1.2. Rechargeable lithium- and sodium-ion batteries

LIBs and SIBs share a common “rocking-chair” architecture, in which alkali ions shuttle between
a positive electrode (cathode) and a negative electrode (anode) through an ion-conducting
electrolyte while electrons flow through an external circuit.®! The choice of electrode materials
and electrolyte determines the cell voltage, energy density, rate capability and lifetime.
Conventional LIBs employ layered transition-metal oxides, spinels or polyanionic compounds as

cathodes and graphite as the anode, whereas SIBs typically use analogous Na-containing cathodes
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paired with hard carbon anodes because graphite does not intercalate Na* to a sufficient extent

under standard electrolytes.!

A more detailed discussion of battery components, operating principles and representative cell
chemistries is provided in Chapter 2. The present chapter focuses on the motivation for developing

alternative anode materials within this broader framework.

1.3. Anode materials and the role of silicon and hard carbon

The anode plays a crucial role in determining the specific capacity, rate performance and safety of
both LIBs and SIBs. Graphite, the state-of-the-art anode in commercial LIBs, delivers a reversible
capacity of 372 mAh g through the formation of LiCs,! but its theoretical capacity and relatively
low operating potential impose limitations on further energy-density improvements.!'” In SIBs,
graphite is largely inactive because the energetics and size of Na* do not favour stable Na-graphite

intercalation under conventional electrolytes.[®]

Hard carbon has emerged as the leading anode candidate for SIBs and as an attractive alternative
anode for certain LIB applications. It is a non-graphitising carbon characterised by turbostratic
stacking, enlarged interlayer spacing and a combination of micropores (< 2 nm), mesopores (2 to
50 nm), and macropores (> 50 nm)."!% These features enable Na* and Li* storage via a combination
of adsorption at defects, interlayer insertion and filling of closed nanopores, resulting in capacities

typically in the range 250 to 350 mAh g' for Na-ion cells.!°]

Silicon offers a much higher theoretical capacity (~3579 mAh g for LiisSis) and has therefore
been widely investigated as an anode material for LIBs.[*! However, the large volumetric expansion
associated with alloying, the instability of the solid-electrolyte interphase (SEI) and the loss of
electrical contact during cycling lead to rapid capacity fading and poor Coulombic efficiency if Si
is used in isolation. Embedding silicon or silicon oxides within a conductive carbon matrix is a

widely adopted strategy to mitigate these issues, but many reported architectures relying on

! The theoretical specific capacity of graphite can be obtained from the stoichiometric reaction forming LiCs using
Faraday’s law, Q=nF/(3.6M), where n=1 mol e” per mol Cs and M is the molar mass of Ce.
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complex syntheses or low mass loadings that are difficult to scale.[® !l Together, these factors
highlight the potential of composite anodes that integrate the high capacity of silicon with the

structural stability and favourable kinetics associated with hard carbon.

1.4. Biomass-derived anodes and rationale for barley husk

In recent years, biomass-derived carbons and silica/carbon composites have been increasingly
explored as anode materials because they allow low-value agricultural or forestry residues to be

(121 Many biomasses are rich in carbon and, in

transformed into functional electrode components.
some cases, contain significant amounts of silica or other inorganic species that can act as in situ
templates or precursors for composite structures. By appropriate thermal treatment and, where
necessary, activation or milling, these resources can yield hard carbons with hierarchical porosity

or SiO-/C materials that buffer silicon-related volume changes and enhance SEI stability.[!*]

Barley husk is an abundant by-product of the brewing and malting industries, generated in large
quantities worldwide and currently used mainly as low-value animal feed or burnt for process
heat.!*! Its composition is dominated by lignocellulosic carbon with a substantial silica content,
making it an intrinsically suitable dual-source precursor for both hard carbon and silica-based
phases. Prior work on related cereal husks has demonstrated the feasibility of producing porous
carbons, Si02/C and SiC from such feedstocks, but systematic investigations of barley husk as a

multifunctional precursor for lithium- and sodium-ion battery anodes are scarce.!'¥

In this work, the combined carbon and silica content of barley husk is used to develop a family of
hard carbon and silica/carbon composite anodes, and it investigates how thermal processing, ball

milling, silicon incorporation and cell chemistry influence their electrochemical behaviour.



1.5. Research aims and questions

The overall aim of this thesis is to develop and understand barley husk-derived silica/carbon

composite anodes for rechargeable lithium- and sodium-ion batteries, with particular emphasis on

the relationships between processing, structure and electrochemical performance.

The work addresses the following research questions:

1.

How do carbonisation temperature and ball-milling duration influence the structure and
texture of barley husk-derived silica/carbon composites? How do interlayer spacing,

crystallite size, defect density and pore-size distribution evolve with processing?

How do these structural and textural changes affect Li-ion storage behaviour in half-cells?
What are the impacts on capacity, initial Coulombic efficiency, rate capability, impedance

response and apparent Li* diffusion coefficient?

How does an optimised barley husk-derived anode compare with commercial graphite
under identical cell conditions? What advantages and trade-offs emerge in terms of

capacity, voltage profile, ICE and long-term stability?

Can the barley husk-derived host be used as a scaffold for silicon to create high-capacity
hybrid anodes? What is the practical Si loading window in BH/Si composites that balances

capacity, ICE and cycling stability in half- and full-cell configurations?

How does the optimised barley husk-derived hard carbon perform in sodium-ion cells
compared with its Li-ion behaviour? What similarities and differences arise in Na* versus
Li* storage mechanisms, and how do these relate to structural descriptors such as doo2 and

porosity?

1.6. Scope and limitations of the study

The scope of the thesis is limited to anode materials derived from barley husk and their hybrids

with commercial silicon powder. Commercial NMC622 is used as a representative high-energy

cathode for full-cell testing. Electrochemical performance is primarily evaluated in half-cells



against Li metal (for LIB anodes) and Na metal (for SIB anodes), with selected full-cell

experiments to demonstrate device-level relevance.

The study focuses on the influence of thermal processing, ball milling and silicon content on
structure and performance. Other variables such as binder chemistry, electrolyte composition and
electrode calendering are kept constant once a suitable baseline has been established, in order to
isolate the effects of the barley husk-derived active materials. Long-term cycling tests extend to
several hundred cycles for selected systems, but lifetime extrapolation beyond this range and large-

format cell behaviour are outside the scope of the present work.

1.7. Thesis structure

The thesis is organised as follows.
Chapter 1 provides the general introduction, background, and overall context for the thesis.

Chapter 2 reviews anode materials for lithium- and sodium-ion batteries, with emphasis on silicon,
silicon oxides and biomass-derived carbons, and introduces the conceptual role of silica/carbon

composites in enhancing anode stability.

Chapter 3 summarises the materials characterisation and electrochemical techniques used
throughout the work, including structural probes (XRD, Raman), textural analysis (N:
physisorption), surface analysis (XPS) and electrochemical diagnostics (GCD, CV, EIS,

differential capacity analysis).

Chapter 4 describes the processing of barley husk into silica/carbon composites via carbonisation
and ball milling, and establishes the resulting processing-structure relationships using Raman

spectroscopy, XRD and N2 adsorption.

Chapter 5 investigates Li-ion storage in this family of composites, quantifying the impact of
carbonisation temperature and milling duration on capacity, ICE, rate capability and kinetic

parameters in Li half-cells.



Chapter 6 benchmarks the optimised barley husk-derived anode against a commercial graphite
anode under identical cell conditions and positions its performance within the wider landscape of

biomass-derived silicon-based anodes.

Chapter 7 explores the incorporation of commercial silicon into the barley husk-derived host to

create high-capacity BH/Si hybrid anodes, including full-cell tests with NMC622 cathodes.

Chapter 8 extends the study to sodium-ion batteries, examining Na-ion storage in barley husk-
derived hard carbon and comparing Na* and Li* storage mechanisms for the same structural

platform.

Chapter 9 synthesises the main findings, highlights the original contributions of the thesis,

discusses limitations and outlines directions for future research.
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2. Background: anodes for Li- and Na-ion batteries

2.1. Energy storage and role of rechargeable batteries

Global electricity generation increased from approximately 6,100 TWh in 1971 to over 26,000
TWh in 2018 and continues to rise. Projections suggest that demand could roughly triple by 2050,
driven by population growth, electrification of transport and increased deployment of renewable
power sources.! ! Historically, this demand has been met predominantly by fossil fuels (coal, oil
and natural gas), but concerns over resource depletion and environmental impact are accelerating

the transition towards sustainable and renewable energy sources.!> >

Renewable energy technologies such as solar photovoltaics and wind power are central to global
decarbonisation pathways. However, their intermittency, driven by weather and seasonal
variability, poses challenges for reliable grid integration.!®! The mismatch between when energy is
generated and when it is actually needed has renewed attention on storage technologies that can
buffer these fluctuations and support stable operation of the system. The shifting composition of
global electricity storage is illustrated in Fig. 2.1, which shows the relative contributions of
pumped hydro storage (PSH), batteries, thermal storage, and compressed-air energy storage
(CAES) between 2020 and 2024.7-1% While PSH continues to dominate total storage capacity, the
contribution of grid-scale batteries has expanded dramatically since 2020, reflecting their

increasing role in energy storage systems.

2020 2021
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Figure 2.1. Global energy storage mix by technology (2020 to 2024).

Among various storage technologies, including pumped hydro, compressed air, flywheels and
supercapacitors, electrochemical energy storage systems, and in particular rechargeable batteries,
are especially versatile due to their high round-trip efficiency, modularity and applicability across
scales. Recent deployment data show that global annual battery storage additions grew rapidly
after 2015 and have accelerated sharply since 2020. ! 12 Cymulative installed grid-scale battery
capacity followed the same trend, rising from less than 1 GW in 2010 to approximately 200 GW
in 2024 (Fig. 2.2a), illustrating how rapidly batteries are becoming central to renewable

integration.[!- 12!

Among the available battery technologies, lithium-ion batteries (LIBs) currently dominate
commercial applications. Comparative analyses of energy densities across storage systems (Table
2.1) further show that LIBs provide favourable gravimetric and volumetric energy densities

relative to most electrochemical and mechanical systems. These advantages, together with the
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substantial reduction in LIB pack prices in recent years, have driven their commercial success in

portable electronics, electric vehicles (EVs) and, increasingly, stationary grid-scale storage.

Table 2.1. Comparative energy densities of storage systems.

Storage Type Material/Chemical Energy Density Ref.
Gravimetric (Wh kg™) Volumetric (Wh L™)

Lig. H» 33,570 2,200 [13]

Ammonia 5,710 3,750 (4]

Chemical Ethanol 7,490 5,890 1]
Methanol 5,620 4,470 [16]

Gasoline 12,330 9,060 (17

Cast iron (sensible”) 0.14 1.08 [18]

Aluminium (sensible) 0.26 0.69 [18]

Molten salt (sensible) <0.45 <0.7 (18]

Thermal Water (sensible) 1.2 1.2 (18]
Water (latent) 93 — (18]

NaCl (latent) 139 300 18]

LiNO; (latent) 103 245 (18]

Steel flywheel 50 403 91

Mechanical Carbon comp. flywheel 300-350 465-543 0l

Compressed air 2-12 7 91

Lithium-ion battery 150-250 400-700 (1]

Sodium-ion battery 90-160 200-400 (20]

Lead-acid battery 30-50 60-110 [21]

Electrochemical | Sodium-sulphur battery 150-240 150-300 (22]

Na-NiCl; battery 100-160 140-250 ol

Vanadium redox flow 15-35 25-35 ]
EDLC/supercapacitor 5-10 7-10 (23]

* Latent heat refers to energy stored or released during a phase change, while sensible heat refers to energy stored or
released through a temperature change without phase transition.
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Figure 2.2. (a) Cumulative global grid-scale battery storage (2010 to 2024), and (b) lithium-ion

battery pack prices (2010 to 2024).

The manufacturing cost reduction of LIBs in the past decade follows a noteworthy trend. The

average LIB pack price has fallen by more than 85% since 2010, reaching near the $140 kWh!

threshold in 2024, a key driver of their competitiveness in both EVs and grid applications (Fig.
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2.2b).24 This trend highlights the effect of economies of scale, advances in manufacturing, and

improvements in electrode and electrolyte materials.

Despite these advances, LIBs face several challenges. Raw material constraints, particularly
relating to lithium and cobalt resources and their geographically concentrated supply chains,
together with the environmental impacts of mining, processing and end-of-life disposal, raise
concerns about long-term sustainability and cost. In parallel, further improvements in gravimetric
and volumetric energy density (relative to existing LIB chemistries and, ultimately, to the energy
content of chemical fuels), cycling stability and safety are required to meet the demands of large-

scale electrification in EVs, portable electronics and stationary storage.

Taken together, these issues have prompted a move toward exploring alternative rechargeable
battery chemistries that may alleviate some of the limitations of current systems. Among these,
sodium-ion batteries (SIBs) are particularly attractive because sodium is far more abundant and
widely distributed than lithium and can be sourced from lower-cost feedstocks. Although SIBs
typically operate at somewhat lower cell voltages and energy densities than LIBs, their potential
advantages in terms of raw material availability, sustainability and projected cost make them
promising candidates for medium- and large-scale stationary storage and, in some cases, low- to
mid-range mobility applications. Exploiting the full potential of both LIBs and SIBs hinges
critically on the development of suitable electrode materials, especially high-capacity, structurally
stable anodes. The following sections therefore outline the operating principles of these systems
and examine the role of anode materials in determining their energy density, rate capability and

lifetime.

2.2. Lithium-ion and sodium-ion batteries

LIBs and SIBs share a common “rocking-chair” architecture, in which alkali ions shuttle reversibly
between two host electrodes through an ion-conducting electrolyte while electrons flow through
an external circuit. A schematic representation of a typical cell configuration is shown in Fig. 2.3.
The cell comprises a negative electrode (anode) and a positive electrode (cathode), each made of

porous composite layers containing the active material, conductive additive and polymer binder,
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cast onto metallic current collectors. The electrodes are separated by a porous polymer membrane,
which is impregnated with a liquid electrolyte and prevents electrical short-circuiting while

permitting ion transport between the electrodes.

For clarity throughout this thesis, electrode naming follows the convention based on their roles
during discharge, which keeps the terminology consistent across the different cell configurations
discussed. The anode denotes the electrode that is negative during discharge and supplies electrons
to the external circuit, whereas the cathode is positive during discharge and accepts electrons. In
half-cell measurements versus Li/Li* or Na/Na*, the working electrode is still referred to according

to its function as an anode or cathode in a full cell, unless specified otherwise.

P Load L e e e e e i = q
L,
= g Negative electrode Positive electrode !
EllE (anode) Separator (cathode) i
— U . v
D ~ ™ ~ N I
z 1 I
[=]
= |
o
g |
el
E | !
23]
External
circuit
@
Current k J Current
collector Electrolyte collector

Figure 2.3. Schematic illustration of a rechargeable alkali-ion battery during discharge, showing
the negative electrode (anode), positive electrode (cathode), porous separator filled with
electrolyte, current collectors and external circuit.

In conventional LIBs, the cathode is commonly a lithium transition-metal oxide (e.g. LiCoO,,
LiNi;,Mn,Co,0, or related layered oxides), and the anode is typically graphite.[>> The electrolyte
usually consists of a lithium salt such as LiPF dissolved in a mixture of organic carbonate solvents,
providing high ionic conductivity within a wide electrochemical stability window. A microporous

polyolefin separator (e.g. polypropylene or polyethylene) physically isolates the electrodes while
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allowing Li* transport. During charge, lithium is deintercalated from the cathode and inserted into
the anode; during discharge, the reverse process occurs. The half-reactions during discharge for a
layered oxide cathode and graphite anode can be expressed via the reduction and the oxidation

reaction shown in Egs. (2.1) and (2.2),/%! respectively

Li; M, 0, + xLi* + xe™ - LiM, 0, 2.1)

Li,Ce — 6C + xLit + xe~ (2.2)
where x < 1, M represents one or more transition metals (e.g. Ni, Co, Mn), and O denotes oxygen.
The overall cell reaction is obtained by combining Egs. (2.1) and (2.2), with Li* ions shuttling
through the electrolyte and electrons flowing through the external circuit to power the load. The
difference in electrochemical potential between the lithiated and delithiated states of the electrodes

gives rise to the cell voltage, typically in the range of 3.0 to 4.2 V for commercial LIBs.

SIBs adopt an analogous cell configuration, replacing Li* with Na* as the charge carrier while
maintaining similar composite electrode, separator and electrolyte architectures. Cathode materials

include layered transition-metal oxides (NayM,0,), polyanionic compounds (e.g. NazV,(P0,4)3)

and Prussian blue analogues, whereas hard carbon is the most widely investigated anode material
because graphite does not accommodate Na* to a sufficient extent under practical conditions. The
electrolyte typically comprises sodium salts such as NaPFg or NaClO, dissolved in organic
carbonates. During operation, Na* ions shuttle between the cathode and anode in a manner directly
analogous to Li" in LIBs, and the cathode half-reaction for a layered oxide can be written in

discharge direction as Eq. (2.3)2% 26

Na;_4M;0, + xNa* + xe™ — NaM,0, (2.3)
while the corresponding anode reaction involves Na* storage within hard carbon or alloying-type
hosts. Typical SIBs operate at somewhat lower average cell voltages and energy densities than
LIBs. This mainly reflects the smaller electrochemical potential difference between practical Na-
based cathode/anode couples, which is rooted in the more positive Na/Na* redox potential relative
to Li/Li* and in the different host chemistries available for Na storage. The larger ionic radius of
Na* further restricts the range of suitable insertion hosts and often shifts electrode operating

potentials, while its greater atomic mass contributes to the lower gravimetric energy density of
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SIBs; nevertheless, SIBs reliance on earth-abundant sodium and potentially lower costs makes

them attractive for large-scale stationary storage and selected mobility applications.?®!

In both LIBs and SIBs, the choice and design of electrode materials strongly influence energy
density, rate capability, round-trip efficiency and cycle life. In the following section we will see
that the anode, in particular, plays a central role because it often limits the achievable specific
capacity and can introduce safety issues such as dendrite growth or excessive volume change. The
following section therefore focuses on anode materials and their ion-storage mechanisms, laying
the groundwork for the subsequent discussion of alternative anode materials and their role in

boosting the battery capacity.

2.3. Anode materials: key to enhancing battery performance

The literature has well established that electrode materials, especially anodes, hold significant
promise for enhancing battery energy density when compared to cathode materials in both LIBs
and SIBs.”’7% From a general perspective, anode materials can be classified into three main
categories according to their ion storage mechanisms: (1) intercalation (or insertion), B! 3% (2)

alloying, **3¢ and (3) conversion.338]

Commercial LIB anodes are mainly composed of intercalating graphite, offering a theoretical
capacity of approximately 370 mAh g for LiCs." However, graphite is regarded as a
thermodynamically unfavorable intercalation medium for SIBs, specifically for compounds like
NaCs or NaCs.[* Theoretical studies have also indicated a reversible capacity of approximately 35
mAh g' for NaCes.[*!! This limited capacity is attributed to specific factors, notably the larger ionic
radius of Na* (1.06 A) compared to Li* (0.76 A), which hinders the ion intercalation process. >
As an alternative, various carbonaceous materials with larger interlayer spacings have been
proposed for intercalation-type SIB anodes, with hard carbon gaining significant attention in this
field.l*") Numerous efforts have been undertaken to enhance the Na storage capacity of hard
carbon, including selecting appropriate precursors*’*) and optimizing operating conditions;**>"
however, its capacity remains inadequate for large-scale use. Additionally, carbon-based anodes
exhibit relatively low reaction potentials with Li and Na, leading to dendritic deposition during

charge/discharge cycles, which poses safety risks such as short circuits.>%!
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Conversion-type anode materials store Li* or Na* through chemical conversion of the active phase
into new products, rather than by simple ion insertion into an existing host lattice. This mechanism
can provide significantly higher capacities than carbon-based anodes, although it is often
accompanied by poor conductivity and limited cycling stability. Numerous studies have explored
the use of these conversion-based materials as anodes.’’-*2 However, despite their exceptionally
high capacity, their practical application is greatly limited by low electrical conductivity and poor

cycling stability.[7- 63

Recently, alloying materials in LIBs and SIBs have attracted significant attention, largely because
they can accommodate higher charge densities and are generally more cost-effective and safer than
many intercalation-based alternatives. These alloy-type anodes operate through the following
electrochemical reactions M + xN = N, M where N is the host alkaline element (i.e., Li or Na) and
M is the alloying agent. The most widely used metals and metalloids for alloy-type anodes include
silicon (Si), germanium (Ge), antimony (Sb), tin (Sn), and bismuth (Bi).** * Table 2.2 presents a
summary of the main characteristics of these elements. A visual comparison of their evaluated
properties in SIBs is shown in Fig. 2.4a, where a scale from 1 (least favorable) to 5 (most favorable)
is used. These values are normalized according to the maximum and minimum results listed in
Table 1. Additionally, theoretical capacities and volume expansions during alloying in LIBs and

SIBs are compared separately in Fig. 2.4b and 2.4c, respectively.

Table 2.2. Electrochemical properties of common alloying anode materials.

Element Alloying Theoretical Volume Volumetric Electrical Density Terrestrial Annual
Compound Capacity (mAh g™) Expansion (%)~ Capacity (mAh Conductivity (S (g em™) Abundance (%) ™" Extraction (ton)
165-69] 68,70] em™) 120 64,661 cm’l) 120691 120, 6] 1721
. LixSis 4200 400 -
Si 2.52x107¢ 2.33 28.2 7.20 % 10°
NaSi 954 114 2190
LisnGes 1624 370 -- ) 4 .
Ge 1.45 % 10~ 5.32 1.5x 107 3.65 x 10
NaGe 369 300 1624
Li;Sb 660 200 -
Sb 2.88 x 10°* 6.68 2x107° 1.30 x 10°
Na;Sb 660 390 660
Liz»Sns 994 340 --
Sn 9.50 x 10°* 7.31 23x107* 2.80 x 10°
Na;sSny 847 423 994
) Li;Bi 385 200 - 5 ; 4
Bi 8.67 x 10 9.75 8.5x 107 1.02 x 10
Na;Bi 385 250 3800
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Figure 2.4. (a) Comparison of common alloying-type elements used as anode materials in SIBs,
(b) and (c) theoretical capacity and volume expansion of alloying-type anodes in LIBs and SIBs.

Within this broader group, silicon is notable for its exceptionally high theoretical capacity in both
lithium and sodium systems, which continues to make it a focal point of research. In addition, due
to its abundance, ease of extraction, low operating potential, and environmental compatibility, Si
has long been regarded as one of the most promising anode materials for LIBs, with many studies
successfully demonstrating its use in high-performance LIB systems.[”””’"! Although Si offers the
highest theoretical capacity and the lowest volume expansion among alloy-type SIB anode
materials, its use in high-performance SIBs has received limited attention. This may be due in part
to the recent resurgence of interest in SIBs. Additionally, Si anodes experience significant volume
changes during charge/discharge cycles, leading to severe pulverization of the material, which in
turn results in capacity loss and poor cycling performance.l”® 7! Looking back at the development
of Si as an anode material for LIBs, it becomes evident that nanoengineering has played a crucial
role in addressing these challenges. Designing nano-structured alloys has led to improved
gravimetric capacities and rate performance, enhanced resistance to fracture, reduced ion diffusion

distances, and controlled volume expansion.[””® The review in this chapter aims to provide a
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concise overview of the use of Si nanoparticles in LIBs, highlighting the strategies developed to
overcome associated challenges, with the goal of offering insights and inspiration for their

application in SIBs and potentially other battery systems.

2.4. Silicon in lithium-1on batteries

It is well established that Si-based anodes in LIBs face major drawbacks, including low electrical
conductivity (~107° S cm™), slow ion diffusion kinetics (~107'* cm? s7'), and significant volume
changes during the lithiation-delithiation process (~400%), all of which contribute to reduced

overall performance.!’¢"8

To address these limitations, researchers have designed advanced nanostructures. For instance,
Pang et al.l**! synthesized a hollow Si@C nanostructure (Fig. 2.5a) by carbonising an emulsified
precursor at 1000 °C for 2 hours with a heating rate of 10 °C min™!, in which polyacrylonitrile
served as the carbon source and the silicon phase was introduced separately as the templated core,
followed by HF etching to generate the hollow architecture. This nanocomposite maintained a
specific capacity of 700mAh g™ at 0.25 A g after 100 cycles. More recently, Ma et al.[*¥
developed a yolk-shell Si@void@C nanoparticle structure embedded within a 3D carbon network
(Fig. 2.5b to 2.5d). Their synthesis involved UV illumination of a water-oil microemulsion,
followed by freeze-drying and hydrothermal treatment. This yolk-shell design achieved a high
capacity of 1160 mAh g™ at 0.3 A g! after 300 cycles. The strong performance of these hollow
structures highlights their effectiveness in accommodating the volume expansion of pure silicon.
In a more recent study, Zhang et al.*! employed titanium nitride (TiN) as a coating layer (Fig.
2.6a) to construct a yolk-shell-like Si@TiN nanocomposite (Fig. 2.5¢ and 2.5f). This composite
demonstrated a reversible capacity of 2047 mAh g at 1 A g! after 180 cycles and a discharge
capacity of 903 mAh g at a high current density of 12 A g! (Fig. 2.6b to 2.6d). The unique yolk-
shell structure effectively buffers the volume expansion of Si nanoparticles during repeated
cycling, while the conductive TiN shell enhances electronic conductivity, contributing to the

material's outstanding cycling stability.
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Figure 2.5. (a) TEM image of hollow Si@C after 48h of HF etching. Reprinted with permission./%%
Copyright 2015, Royal Society of Chemistry. (b)-(d) STEM image of Si@void@C/C and
corresponding elemental mapping of Si and C. Reprinted with permission.!* Copyright 2021,
John Wiley and Sons. (e) and (f) STEM image of Si@TiN. Reprinted under terms of the CC-BY-
NC 3.0 license.’®] Copyright 2022, Royal Society of Chemistry.

It is important to emphasize, however, that despite the success of these nanocomposites in reducing
anode volume expansion, their large-scale production remains challenging. This is mainly due to
high manufacturing costs and low initial Coulombic efficiency (ICE), the latter being attributed to

the high surface area of nanomaterials, which increases their reactivity with electrolytes.*"

In recent years, various strategies have been developed to reduce manufacturing costs, primarily
by replacing pure silicon with more affordable alternatives. The upcoming sections outline these

approaches and the materials involved.
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Figure 2.6. (a) Graphical depiction of the synthesis of the yolk-shell Si@TiN composite.
Reproduced under terms of the CC-BY-NC 3.0 license.’®” Copyright 2022, Royal Society of
Chemistry. (b) The first and second galvanostatic charge/discharge profile, (c) cycling

performance at a current density of 1 Ag™!, and (d) rate performance of the Si-NPs and Si@TiN
samples. Reprinted under terms of the CC-BY-NC 3.0 license.!] Copyright 2022, Royal Society
of Chemistry.

2.4.1. Silicon monoxide

Silicon oxides have emerged as promising alternatives to elemental Si, owing to their high
abundance, low cost, simple synthesis process, and relatively reduced volume expansion.”
Silicon monoxide (Si0), in particular, has attracted significant interest as an anode material for
LIBs. Incorporating carbon as a matrix or scaffold to reinforce the SiO structure can help buffer
volume changes and enhance the electrical conductivity of the anode. Ohzuku et al.®!! developed
a SiO/C composite (Fig. 2.7a) containing 50 wt% SiO combined with carbon fiber (9 wt%),
deposited carbon (20 wt%), and graphite (21 wt%). This composite delivered a discharge capacity
of 700 mAh g after 100 cycles at 0.5 C. When used as the anode in a 14500 full cell paired with
a LiCo01/3Ni1/3Mn1/302/LiCoO2 cathode, the group reported a capacity of 200 mAh g™* at a current
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density of 1 A g! after 300 cycles.”” Liu et al.®® employed a chemical vapor deposition (CVD)
method to fabricate SiO coated with graphene (Fig. 2.7b). This composite achieved an impressive
capacity of 1600 mAh g and an initial Coulombic efficiency of 95% after 100 cycles at 0.32 A g™'.
The high capacity was credited to the composite’s unique structure, which ensured stable electrical

contact, enhanced ion diffusion, and effectively buffered volume expansion.

Figure 2.7. (a) SEM image of SiO/C composite. Reprinted with permission./*'! Copyright 2011,
1OPscience. (b) TEM image of connected particles of graphene coated on SiO. Reprinted with
permission.!*3] Copyright 2017, American Chemical Society. (c) HRTEM image of SiO/Fe:;0;3
composite. Reprinted with permission®*!. Copyright 2013, Elsevier.

Various metals and metal oxides have also been incorporated into SiO anodes to improve lithium
storage performance. Wang et al.® used mechanical milling to synthesize a SiO/Fe.Os composite
(Fig. 2.7¢), which achieved a capacity of 600 mAh g at a current density of 4.8 A g, retaining
71% of its capacity after 50 cycles. Amine et al.”*! applied ultrahigh energy ball milling to create
an advanced S10/SnxCoyCz anode composite. A blend of 50 wt% Sn30Co030Ca0 with 50 wt% SiO
exhibited a stable capacity of 900 mAh g™ at 0.3 A g”'. By replacing Co with Fe, they later
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developed a series of SiO/SnxFeyC. composites. Among them, the SiO/SnsoFesoCa composition
also delivered a capacity of 900 mAh g at the same current density (0.3 A g™).°! Miyachi et al.*”]
investigated the effects of Ti, Ni, and Fe doping on SiO. Their findings revealed an 84% ICE for
Si0 doped with 25 wt% Ni, and an impressive 100% ICE for Ni-doped SiO with added lithium. In
a study conducted by Yamamura and coworkers®®), SiO was uniformly coated with Fe.SiOs by

heating at 800 °C for 3 hours under an Ar atmosphere, resulting in an anode with an ICE of 89.3%.

2.4.2. Silicon dioxide

Silicon dioxide (Si0-), primarily found in the Earth's crust as a crystalline polymorph, requires
nanoparticle engineering to fully achieve its theoretical capacity of 1965 mAh g™ as an anode
material.”?'°) To reduce the particle size of bulk SiO2, Liang et al.l'%?! applied ball milling over
different durations. The anode prepared from SiO: milled for 24 hours (Fig. 2.8a) achieved a
capacity of 602 mAh g™ at 0.1 A g over 150 cycles, with an ICE of approximately 55% and a
capacity retention of 99.8% relative to the second cycle. SiO; has also actively been incorporated
into more complex nanostructures. For example, Favors and coworkers!'”! employed a hard-
template growth method to synthesize SiO: nanotubes (Fig. 2.8b), which delivered a discharge
capacity of 1247 mAh g ! after 100 cycles at a 0.5 C-rate. However, the ICE of 43.3% highlights
the need for significant improvement. More recently, Ma et al.l'* synthesized a hierarchically
porous multi-shell hollow SiO: structure (Fig. 2.8c) using a sacrificial template approach with
Naz2SiOs as the precursor. When applied as an anode material, the resulting hollow spheres

delivered a capacity of 750 mAh g after 500 cycles at a current density of 0.1 A g
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Figure 2.8. (a) FESEM image of the SiO: samples with 24h ball milling. Reprinted with
permission.!!% Copyright 2017, Elsevier. (b) SEM image of SiO> nano tubes. Reprinted under
terms of the CC license.!""” Copyright 2014, Springer Nature. (c) TEM image of multi-shell hollow
SiO> spheres. Reprinted with permission./"’" Copyright 2017, Elsevier. (d) SEM image of plum-
pudding like SiO>/graphite. Reprinted with permission.!'"! Copyright 2015, Royal Society of
Chemistry. (e) TEM image of SiO2/C nanofibers. Reprinted with permission./'’ Copyright 20135,
Elsevier. (f) TEM image of SiO:@CYB. Reprinted with permission.!!"”] Copyright 2021, John
Wiley and Sons. (g) TEM image of Ni/SiO> hollow spheres. Reprinted with permission!!’/,
Copyright 2018, John Wiley and Sons.

Given that SiO2 possesses the lowest electrical conductivity among silicon oxides, substantial
efforts have been devoted to combining it with carbon to enhance its electrochemical
performance.!'%1121 Zhang et al.l'! fabricated a plum-pudding nanostructure consisting of SiO-
nanospheres embedded in flake graphite using a hydrothermal method (Fig. 2.8d). The resulting
composite demonstrated a discharge capacity of 702 mAh g! after 100 cycles at a current density
of 0.1 A g'', along with an impressive Coulombic efficiency of 99%. Wu et al.l' synthesized
Si0./C nanofibers (Fig. 2.8¢) by incorporating ~30 nm SiO: nanoparticles into polyacrylonitrile
(PAN) via electrospinning, followed by carbonization at 800 °C for 2 hours with a heating rate of
2°Cmin'. Anodes fabricated from nanofibers containing 15% silica exhibited a reversible

capacity of 658 mAh g™ after 100 cycles at a current density of 0.05 A g'. To enhance the
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1971 developed a yarn-ball-like structure composed

reversible capacity of SiOz anodes, Wang et al.!
of nanoscale SiO: entangled with carbon wires (Fig. 2.8f) through a polycondensation reaction
between citric acid and ethylene glycol. The resulting composite, SiO-@CYB, effectively
mitigated volume expansion and improved electrical conductivity, achieving a first discharge
capacity of 1297 mAh g* at 0.1 A g' with an initial Coulombic efficiency of 94%. However, the
exact mechanisms behind the formation of the carbon-yarn-ball structure remain unclear. Yan et
al.l'"31 synthesized hollow porous SiO» nanocubes using a two-step hard-template method (Fig.
2.9.a and 2.9.b). This nanocomposite achieved a reversible capacity of 919 mAh g! over 30 cycles
(Fig. 2.9¢ to 2.9e), showing stable performance beyond the 12th cycle. The favorable
electrochemical behavior is attributed to the unique hollow structure, which includes a spacious
interior and multiple shell pockets that buffer volume changes and minimize structural stress
during Li* insertion and extraction. These features also enhance Li* transport during charge and
discharge. The study suggests that the formation of either permanent or reversible lithium silicates

within the anode is key to sustaining long-cycle capacity, with rapid Li* movement facilitating the

generation of Li-O and Si, contributing to the reversibility.

It has been shown that combining SiO- with conductive metals can significantly improve both
electrochemical activity and electrical conductivity. Zhou et al.'® synthesized a novel SiO2/Ni
nanocomposite by reducing nickel silicate under an inert atmosphere (Fig. 2.8g). Owing to its
unique structural characteristics, the composite delivered a capacity of 672 mAhg” at 0.1 Ag™

after 50 cycles. This approach may also be extended to fabricate other SiO2/metal nanocomposites.
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Figure 2.9. (a) Graphical depiction of the synthesis of hollow porous SiO> nanocube, and their (b)
SEM image, (c) cycling performance at a current density of 0.1 Ag™!, (d) cyclic voltammetry

between 3 and 0 V at a scan rate of 0.1 mVs™!, and (e) galvanostatic discharge/charge profiles.
reprinted under terms of the CC-BY license.!!%]

To lower costs and promote sustainability, utilizing biomass as a precursor presents several
advantages. Li and colleagues!''*) employed rice husks (RHs), a Si-rich biomass, to synthesize a
core-shell C@SiO: composite. With a carbon content of 38.27 wt%, the composite delivered a
capacity of 534 mAh g after 1000 cycles at a current density of 1 A g™!, equivalent to 93% of the
capacity achieved using its commercial raw material counterpart. In a separate study, Li et al.[!!!
applied magnesiothermic reduction and additive modification to lignin-SiO: extracted from rice
husks. The resulting composite achieved an initial discharge capacity of 2560 mAhg'at0.1 A g™,
attributed to its highly porous structure. However, the material exhibited a low ICE of 44%, likely
due to its large specific surface area. Ma et al.[''® extracted sugar residues from rice husk biomass
using acid hydrolysis, followed by a two-step carbonization and 12 hours of ball milling to produce
a C/Si0O:2 composite. When used as an anode material, the composite initially delivered a discharge

capacity of 1185 mAh g™ at 0.1 A g* with an initial Coulombic efficiency of 56%. Due to the
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simplicity and eco-friendliness of this method, it holds potential for large-scale biomass

processing, though further improvement in ICE is still needed.

2.4.3. Nonstoichiometric Silicon suboxides (SiOx)

Nonstoichiometric silicon suboxides (SiOx) have emerged as promising anode materials for next-
generation LIBs. Specifically, Si-rich silicon suboxides (SiOx with x < 1) offer high capacity but
suffer from poor cycling stability, while O-rich silicon suboxides exhibit lower capacity but
superior cyclic performance.!'!”! Yan et al.l''8) integrated both Si-rich and O-rich silicon suboxides
into rolled-up bilayer nanosheets (Fig. 2.10a and 2.10b). During 100 cycles of battery testing, these
nanosheets delivered a specific capacity of approximately 1300 mAh g at 0.1 A g™'. The reported
combination of capacity retention and cycling stability was ascribed to the Si-rich layer providing
the dominant storage contribution, while the O-rich layer mitigated volume-change-induced

degradation.

Sohn et al.'""”! produced nanosized Si embedded within a SiO, matrix (Fig. 2.10c) through high-
energy mechanical milling (HEMM) combined with a disproportionation reaction of SiO. Their
findings demonstrated that microstructural engineering of SiO can enhance lithium storage, with
a 10-hour HEMM-treated sample achieving a reversible capacity of approximately 1000 mAh g*.

However, the material exhibited low capacity retention over 50 cycles.

26



Si
nano-crystallite

oxygen-rich layer

epoxy
«

/

silicon-rich layer

200 nm s

Figure 2.10. (a), (b) SEM and TEM bright-field images of rolled-up SiO./SiO, bilayer
nanomembrane. Reprinted with permission.!'"®/ Copyright 2014, John Wiley and Sons. (c) dark
field TEM image of 10h-HEMM Si@SiOx. Reprinted with permission.!""’! Copyright 2013,
Elsevier. (d) TEM image of mesoporous SiO./C composite. Reprinted with permission./"*"
Copyright 2014, IOPscience. (e) SiO«@G composite. Reprinted with permission.!*'] Copyright
2018, John Wiley and Sons. (f) TEM image of SiOx/C-CVD. Reprinted with permission.[!?*!
Copyright 2018, Elsevier. (g) TEM image of SiOx/NiSix nanowires. Reprinted with permission./'?/
Copyright 2012, Elsevier.

SiOx/C composites have shown superior cyclability and rate capability compared to unmodified
SiOy, primarily due to carbon’s excellent electrical conductivity and its effectiveness in buffering
volume changes during cycling. Zhao et al.l'?”! fabricated a SiOx/C composite with an arrayed
mesoporous structure (Fig. 2.10d), where the oxygen content was set at x=1.2 . The designed
achieved a capacity of 780 mAh g after 350 cycles at a current density of 0.1 A g™, with a
minimal capacity decay rate of 0.02% per cycle. Xu et al.l'?!! engineered a SiOx@G composite
(Fig. 2.10e) by encapsulating SiOx nanoparticles within a self-assembled graphene bubble sheet.
After 1000 cycles at a current density of 1 A g™, the composite maintained a capacity of
780 mAh g!, corresponding to 80% of its initial capacity. Liu et al.l'>*! employed a combination of

sol-gel processing, selective etching, and chemical vapor deposition (CVD) to coat semi-graphitic
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carbon on both the inner and outer surfaces of SiOy, forming a yolk@shell-like SiO,/C structure
(Fig. 2.10f). This engineered nanostructure delivered a capacity of 972 mAh g! after 500 cycles at
1 A g'. When paired with a LiCoO: cathode, the full cell achieved an impressive energy density
of 428 Wh kg™

Similar to the integration of metals with SiO and SiO:, SiOy has also been combined with metals
to enhance performance and cycling stability. Jo and coworkers!'?*! utilized SiHs CVD and thermal
evaporation to grow SiO4/NiSix nanowires (Fig. 2.10g). These nanowires showed an impressive
initial discharge capacity of 4058 mAh g™ at 0.15 A g' with an initial Coulombic efficiency of
43%, eventually stabilizing at 800 mAh g ! after 100 cycle. Table 2.3 offers additional insights into
the electrochemical performance of various Si-based anodes employed in LIBs. It should be noted
that the electrochemical performance values reported in the literature are not always directly
comparable, as they are strongly influenced by differences in electrode formulation, active-
material loading, electrolyte composition, voltage window, current density, cell design, and testing
protocol. As a result, the reported capacities and cycle-life data should be interpreted primarily as
indicative of the potential of each material design rather than as strictly reproducible benchmark

values across different studies.

Table 2.3. Electrochemical performance of some of Si-based anodes used in LIBs.

Composite - Reference ~ Composite microscopic view Reversible cap (mAhg™")/  Discharge rate/ Cap retention  ICE (%)
cycle num current (%)
porous SiOx - 1242 /100 0.1 C for 1* cycle 46.8 64.4
Image reprinted with & 0.2 C for

permission.'>* Copy right

2014, Elsevier.

following cycles

Li/SiO - 750/ 15 0.02C 61.4 82.12
Image reprinted with
permission.['?) Copyright

2016, Elsevier.
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Hollow Porous SiOz -
nanocubes

Image reprinted under terms
of the CC-BY license.[!*!
Copyright 2013, Springer

Nature.

hollow SiO»/C nanospheres -
Image reprinted with
1126 Copyright

2017, Elsevier.

permission.

C/Si02/C -

Image reprinted under terms
of the CC-BY license.!'?”)
Copyright 2015, Royal
Society of Chemistry.

Si02/C-N -

Image reprinted with
permission.!'? Copyright
2015, Royal Society of
Chemistry.

porous SiO2/C -

Image reprinted with

[129] Copyright

2014, Elsevier.

permission.

SiO2 nanospheres -

Image reprinted with
permission.!'3% Copyright
2014, American Chemical

Society.

919730 0.1 Ag™! 29.7 47
4417500 0.5 Ag™! 50 68
1055 /150 0.5Ag™! 414 56.5
800/ 100 02 Ag™! 275 42
210/30 1Ag™! 78.6 59
876.7/500 1C 50.8 548
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SiOz -

Image reprinted with
permission.['*") Copyright
2012, Royal Society of
Chemistry.

FeSi@Si/SiOx -

Image reprinted with
permission.!'*?! Copyright
2017, Elsevier.

800 /200 0.1 Ag™!

Si (400)

PDF#
01-089-9056

35.6

37

727/ 600 0.2 Ag™!

46.9

51.8

3D SiOx/C@RGO -
Image reprinted with
permission.'3] Copyright
2014, Royal Society of
Chemistry.

1284 /100 0.1 Ag™!

53.4

51

Si/SiOx/C -

Image reprinted with
permission.!'3* Copyright
2014, American Chemical

Society.

740 / 100 0.2 Ag™!

454

2.5. Silicon in sodium-ion batteries
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Similar to LIBs, alloy-type materials have been shown to offer the highest specific capacities
among anode candidates for high-energy SIBs.!'*137l Among alloy-type materials for SIB anodes,
phosphorus offers the highest theoretical specific capacity of 2560 mAh g! by forming the NasP
alloy phase. However, its extremely low electrical conductivity (~107'* S cm™), significant volume
expansion (>300%), and notable safety concerns hinder its practical application in commercial

batteries.!'**38 In comparison, silicon provides a theoretical capacity of 954 mAh g! in SIBs by



forming the binary phase NaSi, while exhibiting a relatively low volume expansion of just 114%,
which is the smallest among all alloy-type anode materials for SIBs.!!*-141l Given its distinctive
properties, silicon stands out as a highly promising candidate for next-generation SIBs, warranting
further in-depth investigation into its application. A review of its use in LIB anodes reveals that
earlier studies offer valuable guidance for designing Si-based anodes and addressing key
challenges such as limited electrical conductivity. With slight modifications, these design strategies

could be effectively adapted for Si-based anodes in SIB systems.

To begin with, it is important to note that first-principles calculations have shown crystalline
silicon (c-Si) to be electrochemically inactive with elemental sodium, primarily due to its high
sodiation energy barrier.!'** 4] In contrast, amorphous silicon (a-Si) exhibits a significantly lower
sodiation energy barrier than crystalline Si (c-Si),!'** making it a more favorable candidate and the
focus of several research studies. For example, Xu et al.l'*! investigated the reversible Na-ion
storage behavior of Si nanoparticles containing both crystalline (c-Si) and amorphous (a-Si) phases
(Fig. 2.11a). When cycled at 0.02 A g™!, the resulting SIB demonstrated a reversible capacity of
248 mAh g ! after 100 cycles. More recently, Jangid et al.['*®! fabricated Si nanowires (Fig. 2.11b)
featuring a crystalline Si (c-Si) core and an amorphous Si (a-Si) shell. These nanowires delivered

a capacity of 125 mAh g after 100 cycles at a current rate of C/10.

Several studies have explored the development of buffering structures for SIB anodes. For
example, Han et al.l'*”! synthesized sponge-like amorphous silicon (a-Si) (Fig. 2.11c) by reacting
magnesium powder with silicon tetrachloride. When used as an anode in SIBs and cycled at
0.1 A g', the material achieved a reversible capacity of 176 mAh g after 100 cycles. Huang et
al.l"8l reported a capacity of 152 mAh g at 0.5 A g! for their rolled-up amorphous silicon (a-Si)
nanomembranes (Fig. 2.11d), maintaining 85% of the capacity after extended cycling over 2000

cycles.
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Figure 2.11. (a) High-resolution TEM image of as-prepared Si nanoparticles. Reprinted with
permission.!'*! Copyright 2016, John Wiley and Sons. (b) TEM image of a-Si shell/ c-Si core
nanowires. Reprinted with permission.'’* Copyright 2018, Royal Society of Chemistry. (c) TEM
image of the prepared a-Si. Reprinted with permission./'*’! Copyright 2018, Royal Society of
Chemistry. (d) SEM image of rolled-up a-Si. Reprinted with permission./"*¥ Copyright 2018, John
Wiley and Sons. (e) fabricated bamboo-rattle-like structure of Si/C. Reprinted with permission.!!3%
Copyright 2017, John Wiley and Sons. (f) dark-field SEM image of Sn coated a-Si. Reprinted with
permission."*’] Copyright 2016, Elsevier. (g) SEM image of the Si/TiN/Ti/Ge nanorods. Reprinted
with permission./"’l Copyright 2015, John Wiley and Sons.

Rather than using bare a-Si, some studies have incorporated silicon oxides into their synthesis
methods. Zhang et al.[*¥] employed electrospinning, carbonization, and HF treatment to create a
bamboo-rattle-like structure composed of yolk-shell C/Si nanobeads embedded within carbon
nanofibers (Fig. 2.11e). This composite demonstrated a reversible capacity of 454 mAh g at
0.05 A g* after 200 cycles. Chandra et al.l'*!! successfully enhanced the capacity of a silicon
oxycarbide (SiOC) anode to 287 mAh g™! by employing an ether-based electrolyte, with testing
conducted at a current density of 0.025 A g'.

Several studies have investigated the combination of amorphous silicon (a-Si) with other alloying
metals. A notable example is the work by Lim et al.,!'*) who fabricated a Sn-coated a-Si composite

(Fig. 2.11f) that delivered a capacity of 140 mAh g! at a C/20 rate after 5 cycles. Yue et al.['>%

32



Also, Yue et al.l'® fabricated hexagonal match-like Si/Ge nanorods buffered by TiN/Ti
interlayering medium (Fig. 2.11g) via a cost-effective approach. After 200 cycles at 0.4 Ag™!, a

reversible capacity of 390 mAhg™! and an ICE of 50% was recorded for their composite.

As can be seen, the body of research on Si-based anodes for SIBs is comparatively limited. Several

factors contribute to this disparity, as outlined below:

- Technology maturity: Since their commercialization in the 1990s, LIBs have become the
leading energy storage solution for portable electronics, electric vehicles, and various other
applications.['*?] This widespread adoption has driven extensive research focused on
performance enhancement, including the development of high-capacity materials like
silicon. In contrast, SIBs are still emerging and have not yet reached a comparable level of
technological maturity or commercial deployment. As a result, research into advanced
anode materials such as Si for SIBs remains relatively limited.

- Electrochemical behavior of Si in SIBs: In LIBs, the alloying of silicon with lithium
enables high theoretical specific capacities, making Si-based anodes highly attractive.
However, in SIBs, the alloying reaction between silicon and sodium is significantly less
favorable and, as previously discussed, is largely restricted to amorphous silicon (a-Si).!'*4]
This limited reactivity reduces the potential performance gains, which may discourage
researchers from pursuing Si-based anode development for SIBs.

- Initial focus of SIBs: A primary driver behind the development of SIBs has been the goal
of offering a more cost-effective alternative to LIBs by utilizing the abundance and wide
availability of sodium.!'*3! As a result, both early and ongoing research in the field has
largely prioritized the use of inexpensive, readily available materials, particularly for
cathodes, such as layered oxide compounds.!'>*158 This focus has limited the exploration
of more advanced and costly materials like silicon for anode development.

- Research funding and commercial interests: The commercial success and widespread
use of LIBs have attracted significant research funding aimed at enhancing their
performance. In contrast, SIBs are still in the early stages of development and have yet to
achieve the same level of market adoption.!'>% %] Consequently, there are fewer financial
and industrial resources dedicated to the advancement of SIB technologies, including the

investigation of high-performance materials such as Si-based anodes.
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- Infrastructure and expertise: Due to the commercial dominance of LIBs, research
infrastructure, technical expertise, and academic focus have largely been aligned with LIB-
related advancements. This established momentum naturally supports continued
exploration of materials such as Si nanoparticles. In contrast, newer technologies like SIBs
require time to develop dedicated resources and expertise, which can delay progress and

limit the investigation of advanced materials like Si for their anodes.

While the current gap in Si-focused research between LIBs and SIBs can be attributed to the factors
outlined above, it is important to recognize that as SIB technology advances and gains commercial
relevance, interest in exploring high-performance anode materials such as silicon is expected to

grow, driving further innovation and performance improvements in SIBs.

Given the growing interest in utilizing Si-based anodes for SIBs and drawing on insights from
their application in LIBs, we identify several key factors that must be addressed to enhance the

practical sodium storage capacity of Si-NP anodes and support their scalability.

2.5.1. Volume fluctuations

The volume expansion of the anode leads to particle fragmentation, triggering repeated formation
of the SEI layer. This process consumes Na' ions, thereby reducing the available capacity.
Incorporating hollow porous structures can improve the anode’s mechanical resilience during
sodiation/desodiation by providing internal void space to accommodate silicon’s expansion. These
voids act as buffers, minimizing particle fracture and helping preserve structural integrity.
However, while such structures support electrical connectivity and long-term cycling stability, the
presence of void space may lower the active material density, potentially decreasing overall energy
storage. Thus, a careful balance between mechanical durability and energy density is essential

when designing hollow structures.

Another approach to addressing volume expansion is embedding Si nanoparticles (Si-NPs) within
a flexible carbonaceous matrix. This matrix can serve as both a structural scaffold and a protective
coating, limiting direct contact between Si-NPs and the electrolyte, thereby reducing excessive

SEI formation. Given hard carbon’s excellent sodium storage properties,'>* 1611641 incorporating
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Si-NPs into such a medium could offer added advantages. Although hard carbon is increasingly
favored as a SIB anode material, its use for hosting Si-NPs has not yet been reported as of this
review. The limited progress in this area may stem from factors such as conductivity mismatches,
electrolyte compatibility issues, incomplete understanding of Na storage mechanisms in hard

carbon, manufacturing challenges, cost considerations, and scalability concerns.

Utilizing Si nanoparticles in the form of suboxides, rather than as pure Si, presents several
advantages; most notably reduced volume expansion. As previously noted in LIB studies, Si
suboxides experience less expansion than pure silicon, which helps lower mechanical stress and
improve anode durability. Their cost-effectiveness also supports more financially feasible
production and scaling of SIBs, potentially aiding broader adoption. While Si suboxides have a
lower theoretical capacity, their oxygen content can be adjusted through various reduction
techniques. This tunability allows for a balanced compromise between minimizing volume change

and maintaining capacity, enabling optimized anode performance.

2.5.2. Electrolyte compatibility

Side reactions between the electrolyte and silicon lead to undesirable SEI formation, which in turn
reduces the effective sodium storage capacity of the anode.!'®> Exploring and applying electrolytes
with tailored additives that remain stable over a wide potential range can help suppress side
reactions and promote the formation of a stable, thin SEI layer. Broadly, to enable high capacity,
long-term stability, and structural adaptability in SIBs, the electrolyte must exhibit these critical

characteristics:106-168]

- Ionic conductivity exceeding 0.1 mS cm™'at room temperature and higher,
- High Na" transference number with minimal electronic transference,

- Wide electrochemical stability range,

- Robust mechanical and thermal resilience,

- Long-term durability to maintain performance under operational conditions,
- Environmental safety and sustainability, and

- Cost- effectiveness for practical large-scale applications.
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Furthermore, the development of durable solid-state electrolytes offers additional benefits,

particularly in addressing safety issues associated with conventional liquid electrolytes.[!®’]

2.5.3. Sodium related kinetic limitations

The larger ionic radius of Na*® compared to Li* can lead to slower diffusion within the anode
structure.[*! To address this, engineered Si architectures with high specific surface areas (such as
porous Si, Si nanowires, nanotubes, or hollow spheres) can be employed to shorten Na* diffusion

paths, thereby improving the kinetics of sodium insertion and extraction.

2.5.4. Incomplete alloying

During standard battery operation, the conversion to NaSi may remain incomplete, leading to
partial alloying and reduced capacity. As in LIBs, improving the extent of alloying in SIBs can be
achieved by optimizing electrode fabrication parameters and employing binders specifically suited

to withstand the alloying and dealloying processes.[!**: 17!

2.5.5. Silicon from biomass-based materials

One of the main drivers for developing SIBs is to create a cost-effective energy storage alternative.
In this context, incorporating high-cost materials (such as certain Si nanocomposites) may at times
contradict the goal of affordability. A promising strategy to reduce Si production costs involves
using biomass as a precursor for Si-based materials. Depending on the processing method and
biomass source, this approach can yield a substantial amount of silicon. Rice husks, in particular,
are a well-established example due to their high silica content and successful application as a Si

precursor in LIBs.114-116]

The production of biomass-derived silicon typically begins with acid washing to eliminate

impurities, followed by a reduction process to convert silica into silicon. Depending on the specific
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preparation method, the resulting silicon may appear as amorphous silicon (a-Si) or silicon

1161 Since this silicon

nanoparticles (Si-NPs), often embedded within a carbonaceous matrix.
originates from an abundant, low-cost source, it aligns well with the cost-efficiency goals driving
SIB development. It also should be noted that although the biomass precursor is abundant and low-
cost, the overall cost of biomass-derived silicon depends on the specific processing route, as
reduction and purification can introduce additional expense and complexity. Its main advantage

therefore lies in the use of an inexpensive and widely available starting material, rather than in

guaranteeing a low-cost final process.

2.5.6. Silicon-based alloys and heteroatom doping

Alloying silicon with metals that possess higher electrical conductivity can enhance
electrochemical stability, leading to more consistent and prolonged charge/discharge cycling. This
approach helps mitigate the rapid capacity degradation commonly observed with pure silicon
anodes. Examples of such hybrid nanocomposites are porous Si/silver nanostructures used in high-
performance photovoltaic devices!!’!!, SiO2/Ni nanocomposite used in LIBs anodes, ' and Si/Ge
nanorods in SIBs anodes.["*”) Furthermore, heteroatom doping has been employed to enhance the
electrical conductivity of anode composites and to adjust the interlayer spacing of hard carbon,
thereby improving ion transport and overall electrochemical performance.[*> 1721731 These alloying
and doping strategies present promising opportunities for further investigation and application in

the development of high-performance Si-based anodes.

2.6. Biomass-derived anodes: a sustainable alternative

2.6.1. Sustainability and cost motivation
The rapid expansion of lithium-ion and sodium-ion battery technologies has sharpened the focus
on the sustainability and cost of electrode materials. Conventional anode materials are typically

synthesised from high-purity petrochemical precursors or mined minerals using energy-intensive
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processing routes, which contribute significantly to the overall environmental footprint and cost

176] At the same time, the agricultural and forestry sectors generate large volumes of

of batteries.|
lignocellulosic residues that are often underutilised or disposed of by combustion, leading to

greenhouse-gas and particulate emissions.[!””]

Biomass-derived anodes offer a route to mitigate these issues by turning low-value waste streams
into functional carbonaceous or silica/carbon materials. Many types of biomass are rich in carbon
and, in some cases, contain significant amounts of inorganic components such as silica or alkali
salts, which can be exploited as in situ templates or precursors for composite anodes.!'’”) The use
of such resources aligns with circular-economy principles, reduces dependence on fossil-derived
precursors and can lower the energy and cost associated with electrode production. These
advantages are particularly relevant for large-scale stationary storage, where cost per kilowatt-hour
is a primary driver, and for emerging sodium-ion technologies that aim to leverage earth-abundant

elements.

2.6.2. Biomass-derived hard carbon anodes

Hard carbon is a non-graphitising form of carbon characterised by a highly disordered structure,
turbostratic stacking, relatively large interlayer spacing and a combination of micro-, meso- and
macroporosity. These features make hard carbon a promising anode material for both LIBs and
SIBs, enabling ion storage through a combination of adsorption at defect sites, filling of nanopores

[176] Biomass precursors are particularly attractive for hard carbon

and limited interlayer insertion.
production because they are renewable, widely available and, after appropriate heat treatment, can

yield carbons with tailored porosity and structural disorder.

A broad range of biomass sources has been investigated, including nut shells, fruit peels, wood,
straw, seaweed and pitch-based residues.!!””- 178 For LIBs, biomass-derived hard carbons typically
deliver reversible capacities in the range of 300 to 400 mAh g' at moderate current densities, often
with sloping voltage profiles extending down to 0.01 to 0.05 V vs Li/Li". In SIBs, they have
emerged as the leading anode class, with typical reversible capacities of 250 to 350 mAh g and

good cycling stability at average potentials of 0.1 to 0.2 V vs Na/Na*.['’® The electrochemical
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performance is strongly influenced by the precursor composition and the carbonisation
temperature, which together determine the extent of graphitic ordering, defect density, pore size

distribution and surface area.

From a mechanistic perspective, biomass-derived hard carbons often exhibit a characteristic
combination of a sloping region at higher potentials and a low-potential plateau in Na-ion cells.
The former is attributed to adsorption of Na* at defects, edges and heteroatom sites, while the latter
is associated with Na* filling of closed nanopores or interlayer spaces in the disordered carbon
matrix. Careful control of porosity and surface area is required: excessive microporosity can lead
to high irreversible capacity and unstable solid-electrolyte interphase (SEI) formation, whereas too

little closed porosity suppresses the plateau capacity that is desirable for high energy density.!7®!

Biomass-derived hard carbons therefore provide a versatile platform for tuning structure and
performance through selection of the precursor and optimisation of thermal treatment. However,
most reported systems rely purely on the carbon component of the biomass, without exploiting any

intrinsic inorganic phases, such as silica, that could enable multifunctional composite anodes.

2.6.3. Biomass-derived SiO./C and Si-containing composites

Silica-rich biomasses, such as rice husks, horsetail plants and certain grasses, offer an additional
opportunity: they can serve simultaneously as carbon sources and as precursors for silicon- or
silica-containing phases.!'%’] Controlled thermal treatment and selective etching of these precursors
can yield SiO2/C or Si/C composites in which the inorganic phase is finely dispersed within a
conductive carbon matrix. In the context of LIBs, such composites have attracted attention as
alternatives to pure silicon because the silica or sub-stoichiometric silicon oxides can buffer
volume changes and form stable Li:O or LisSiOs4 matrices during cycling, while the carbon

provides electronic conductivity and additional storage sites.

Reported biomass-derived SiO./C anodes for LIBs typically deliver reversible capacities in the
range of 400 to 800 mAh g!, with improved capacity retention compared with nanostructured
silicon alone.l'”! The enhanced stability is commonly attributed to the rigid yet ion-conductive

silica framework and the intimate contact between the oxide phase and carbon, which together
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accommodate the strain associated with alloying reactions and help stabilise the SEI. In some
systems, partial reduction of SiO: during carbonisation or post-treatment introduces active silicon
domains that further increase capacity while remaining mechanically supported by the surrounding

matrix.[!76]

For SIBs, the exploration of biomass-derived Si or SiO2-containing anodes is still at an early stage.
A few recent works have demonstrated that dispersing Si or SiO: nanoparticles derived from
biomass within a hard carbon matrix can promote more homogeneous Na* storage and mitigate
pulverisation, but the range of precursors and processing strategies remains limited.['*"] Overall,
existing reports indicate that silica-rich biomass can be transformed into multifunctional composite
anodes that combine the advantageous features of hard carbon and SiO:-based phases, yet
systematic investigations of structure-property relationships and cross-chemistry comparisons

between LIBs and SIBs are scarce.

2.6.4. Barley husks as a multifunctional biomass precursor

Barley husk is an abundant agricultural by-product generated in large quantities by the brewing
and malting industries. Global barley production exceeds 140 million tonnes per year, and the
associated husk fraction represents a substantial, low-cost residue with limited high-value
applications.!'8!) Chemically, barley husk consists primarily of lignocellulosic components
(cellulose, hemicellulose and lignin) together with a significant fraction of silica and minor

inorganic species, making it inherently suitable as a dual-source precursor for both carbon and
Si0,. 1181

Systematic exploitation of barley husk as a multifunctional precursor for battery anodes remains
limited in this field. In particular, there is a lack of comprehensive work on: (i) the relationship
between carbonisation conditions, resultant hard carbon structure and Li/Na storage behaviour; (i1)
the role of the naturally embedded silica in forming SiO./C frameworks; and (iii) the comparative

performance of barley-husk-derived anodes in LIB and SIB half-cells and full cells.

Given its combined carbon and silica content, barley husk presents a promising platform for

designing anodes that integrate hard carbon domains with SiO:-based phases in a single, low-cost
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precursor. Tailoring the thermal treatment and post-processing routes offers the possibility to adjust
the balance between graphitic ordering, porosity and silica distribution, thereby tuning specific
capacity, rate capability and cycling stability. Addressing the above-mentioned gaps through
detailed structural and electrochemical characterisation is central to the experimental work
presented in the following chapters, which investigates barley husk-derived hard carbons and

S10./C composites as anode materials for both lithium-ion and sodium-ion batteries.

2.7. Conclusion

This chapter has reviewed the role of rechargeable lithium-ion and sodium-ion batteries in modern
energy storage, with particular emphasis on how anode materials govern energy density, rate
capability and cycle life. Conventional graphite anodes perform well in LIBs but are unsuitable
for most SIB systems, which has stimulated the exploration of alternative intercalation, alloying
and conversion-type materials. Silicon and silicon oxides offer very high theoretical capacities and
have been intensively studied in LIBs, while more recent work has evaluated their potential in
SIBs, revealing substantial challenges related to volume change, reaction kinetics and electrolyte
compatibility. In parallel, biomass-derived hard carbons and silica/carbon composites have
emerged as promising low-cost, sustainable anodes, especially when obtained from silica-rich

precursors.

Despite this progress, several important gaps remain. The coupled structural and electrochemical
roles of carbon and silica in biomass-derived anodes are not yet fully understood, particularly with
regard to how precursor composition and processing conditions influence pore structure, SEI
formation and Li"/Na® storage mechanisms. Comparative studies of lithium- and sodium-ion
storage in anodes derived from the same biomass are scarce, and very few investigations provide
a comprehensive analysis combining galvanostatic cycling with cyclic voltammetry, rate capability
tests, impedance spectroscopy and differential capacity analysis. Moreover, barley husk, although
abundant and intrinsically rich in both carbon and silica, has received limited attention as a

multifunctional precursor for Si0./C-based anodes in either LIBs or SIBs.
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The subsequent chapters address these gaps by (i) developing synthesis routes to obtain hard

carbon and SiO2/C composites from barley husk, (i1) systematically characterising their structural,

textural and chemical properties, and (iii) evaluating their performance and storage mechanisms

as anodes in lithium-ion and sodium-ion cells. Together, these studies aim to establish barley husk

as a sustainable, high-value feedstock for next-generation anode materials and to clarify the

interplay between biomass-derived carbon matrices and silica-based phases in dual-chemistry

battery systems.
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3. Characterisations and methods

3.1. Introduction

A rigorous assessment of electrode performance requires linking physical and structural
characteristics to electrochemical behaviour. In this chapter, the characterisation techniques used
to analyse the barley husk-derived anodes and their composites are described in detail. The chosen
methods probe morphology, crystallinity, composition, surface chemistry and thermal stability,
each of which influences electrochemical response.

In addition, the electrochemical methods employed to assess the performance of lithium-ion and
sodium-ion half-cells are presented. Electrochemical testing includes galvanostatic cycling, cyclic
voltammetry and electrochemical impedance spectroscopy, which together inform capacity
retention, reaction pathways and kinetic limitations.

The methods described in this chapter are applied in the subsequent Chapters to elucidate the
structure-property-performance relationships of the barley husk-derived carbon and silica/carbon

samples and anodes.

3.2. Material characterisations

3.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was employed to investigate the morphology, surface
texture, and microstructural features of the barley husk-derived carbon and silica/carbon
composites. SEM provides high-resolution images that enable visual inspection of particle size,
porosity, structural uniformity, and the distribution of embedded silicon or silica within the carbon
matrix.

A schematic overview of the SEM setup is presented in Fig. 3.1. It shows the main components
involved in the beam generation, focusing, scanning, and detection processes. As it can be seen, a
focused electron beam is rastered across the specimen surface. The interaction between the beam
and the sample generates secondary electrons, originating from the near-surface region and

providing topographical contrast, and backscattered electrons, which are sensitive to atomic
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number and reveal compositional contrast.l'! These signals are collected by appropriate detectors
and converted into high-resolution images of the surface morphology. These morphological
features influence ion-transport length scales, electrolyte access and mechanical integrity during
cycling.!

Since the synthesised carbonaceous and composite materials are not inherently conductive, a thin
gold layer (approximately 5 nm) was deposited on their surfaces using a Polaron SC7640 sputter
coater (Quorum technologies, UK) prior to imaging. This prevents surface charging and enhances
image resolution.

All SEM analyses in this work were conducted using a Zeiss Gemini 300 FE field-emission
scanning electron microscope. Imaging was performed under high-vacuum conditions with
accelerating voltages between 5 and 20 kV, adjusted based on the conductivity and resolution
requirements of each sample. Unless otherwise specified, all micrographs presented in this thesis

were obtained using the secondary electron imaging mode.
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Figure 3.1. Schematic diagram of a Scanning Electron Microscope (SEM), showing the main
components.
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3.2.2. Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) was employed alongside SEM to identify and map
the elemental composition of the synthesised anode materials. In particular, it was used to confirm
the presence and spatial distribution of silicon, carbon, oxygen, and other elements within the
barley husk-derived carbon matrix and the silica/carbon composites. This information is vital for
verifying the uniformity of silicon integration, the effectiveness of purification steps, and the
compositional consistency of the prepared materials.

EDS operates on the principle of X-ray emission following inelastic interactions between the
primary electron beam and the atoms in the sample. When the incident electrons from the SEM
column strike the specimen, they can dislodge inner-shell (core) electrons from the atoms. As a
result, electrons from higher energy levels fall into the vacant lower energy states, releasing energy
in the form of characteristic X-ray photons. The energy of these emitted X-rays is specific to the
atomic structure of each element, enabling elemental identification.!!]

Although the technique is fundamentally distinct from SEM imaging, it is typically integrated into
the same instrument. As shown schematically in Fig. 3.1, the interaction volume where the electron
beam meets the sample generates not only secondary and backscattered electrons but also X-rays.
These are collected by an EDS detector positioned at an oblique angle relative to the sample
surface.

In this work, EDS analysis was conducted using an integrated Oxford Instruments Ultim Max 170.
Spectral and elemental mapping modes were both used to analyse the local chemical environment
of selected regions. Operating conditions included an accelerating voltage of 15 to 20 kV and a
working distance of approximately 8.5 mm to optimise spatial resolution and X-ray signal

intensity.

3.2.3. X-ray diffraction

X-ray diffraction (XRD) is a fundamental characterisation technique used to determine the crystal
structure, phase composition, and degree of crystallinity of solid-state materials. In this study,
XRD was employed to analyse the structural nature of the synthesised barley husk-derived

materials and their silica/carbon composites. The diffraction patterns provide insights into whether
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the resulting products contain amorphous, semi-crystalline, or well-ordered crystalline domains,
which are critical parameters influencing their electrochemical performance.

The basic working principle of XRD involves directing monochromatic X-rays onto a material and
detecting the angles at which the rays are diffracted due to interaction with the periodic atomic
planes within the sample. This diffraction occurs when the conditions of Bragg’s law are satisfied,
which relates the X-ray wavelength (), the interplanar spacing in the crystal (d), and the angle of
incidence (0). Constructive interference occurs at discrete angles, yielding a diffraction pattern that
can be used for phase identification and qualitative assessment of ordering.[!)

Fig. 3.2a illustrates the core elements of a conventional 6 to 26 XRD measurement configuration.
The system consists of a primary optics section, where X-rays are generated from a sealed X-ray
tube, typically with a Cu anode providing Cu Ka radiation (A = 1.5406 A). The incident beam is
shaped and conditioned using divergence slits and Soller slits to ensure beam collimation. The
sample is mounted on a central stage and rotated to vary the angle 8 during the scan. The secondary
optics section, located on the diffracted beam path, contains anti-scatter and receiving slits, an
optional monochromator for wavelength refinement, and a detector that records the intensity of
the diffracted X-rays at varying 26 angles.

To support the conceptual understanding of how diffraction arises, Fig. 3.2b presents a schematic
representation of X-ray diffraction from parallel atomic planes. In this illustration, an incident X-
ray beam interacts with atoms in adjacent crystal planes. The path difference between X-rays
reflected from successive planes must be an integer multiple of the wavelength in order to produce

constructive interference. This condition is defined by Bragg’s law in Eq (3.1)

nd = 2dsin(0) 3.1)

where # is the order of reflection, 4 is the X-ray wavelength, d is the spacing between planes, and
0 is the angle of incidence.l!! The angle between the incident and diffracted beam is denoted as 26,
and this is the quantity scanned during measurement.

All XRD measurements in this work were performed using a Rigaku Smartlab SE diffractometer
operating at 40 kV and 30 mA, equipped with a Cu X-ray source and a high-resolution 1D detector.
Samples were scanned in the 26 range of 5° to 80°, with a step size of 0.02° and a scan speed

optimised for both resolution and signal-to-noise ratio. Identification of crystalline phases was
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carried out by comparing measured patterns with entries from the ICDD PDF-4+ database. For
carbonaceous samples, broad humps centred near 20 = 22 to 26° were interpreted as signatures of
amorphous or turbostratic carbon. Sharper peaks were associated with retained crystalline silica
phases such as quartz or cristobalite, if present. The relative sharpness and intensity of the
diffraction peaks were also used qualitatively to evaluate the degree of crystallinity among

different samples.
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Figure 3.2. (a) Schematic diagram of a typical X-ray diffraction setup in 60 to 20 geometry,
highlighting the main components of primary and secondary optics, and (b) Bragg diffraction from
crystalline atomic planes, illustrating the origin of constructive interference and the basis of
Bragg’s law.

3.2.4. Raman spectroscopy

Raman spectroscopy was used to assess bonding or ordering in the carbon phase and to verify
silica-related signatures in the composites. This is especially valuable when analysing
carbonaceous and silica-containing materials derived from biomass, where subtle structural
variations directly influence electrochemical performance.

Fig. 3.3 illustrates the Raman spectroscopy setup and its underlying physical principles. In Fig.
3.3a, a schematic diagram of a Raman spectrometer is presented, showing the full optical pathway
from the laser excitation source to data acquisition. A laser beam is directed through a series of
optical components, including neutral density (ND), interference, and notch filters, to modulate
the intensity and spectral purity of the laser line. A dichroic mirror reflects the incoming laser
towards the sample positioned on a motorised stage. The laser light is focused onto the sample
surface through a microscope objective, exciting molecular vibrations. Scattered light from the

sample is collected by the same objective and directed back through the dichroic mirror.!!
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Only a small fraction of the scattered photons undergo a shift in energy due to inelastic scattering;
this is the Raman effect. The collected light passes through further filtering elements before
entering the spectrometer, where it is dispersed by a grating and detected by a CCD (Charge-
Coupled Device) array. The resulting spectrum reveals peaks corresponding to specific vibrational
modes of the sample material, which are plotted as intensity versus Raman shift (typically incm™).
In this work, Raman measurements were performed using a HORIBA Scientific LabRAM
Odyssey Raman spectrometer, providing high-resolution spectral data essential for identifying the
degree of graphitisation and silica structure in the barley husk-derived materials.

The fundamental mechanism of Raman scattering is summarised in Fig. 3.3b, which depicts the
interaction between incident laser light and the vibrational energy levels of a molecule. When a
photon of energy hv interacts with a molecule, most scattering events are elastic (Rayleigh
scattering), in which the scattered light retains the same energy as the incident photon. However,
a small proportion undergoes inelastic scattering, resulting in a change in photon energy. If the
scattered photon has lower energy than the incident photon, it corresponds to Stokes Raman
scattering; if it has higher energy, it corresponds to anti-Stokes Raman scattering.!!! These
processes reflect transitions between vibrational energy levels mediated by a virtual state, as
depicted in the diagram.

In this study, Raman spectroscopy serves to evaluate the structural quality and composition of the
silica/carbon composite anodes. In particular, this technique enables differentiation between
ordered and amorphous carbon domains, assessment of graphitisation levels, and confirmation of
silica incorporation, all of which are pivotal in understanding the charge transport mechanisms and
stability of the anode material. For the carbonaceous components, particular attention was given
to the D (~1350 cm ™) and G (~1580 cm™) bands; the intensity ratio I, /I; was used as an indicator

of structural disorder and degree of graphitization.
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Figure 3.3. (a) Schematic layout of a Raman spectroscopy system, showing the main optical and
electronic components used for excitation, filtering, and spectral detection. (b) Representation of
the Raman scattering process based on molecular vibrational transitions, highlighting Stokes,
anti-Stokes, and Rayleigh scattering pathways, along with corresponding energy level shifts.

3.2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive technique used to
determine the elemental composition, oxidation states, and chemical bonding environments of
materials. It is particularly valuable in the analysis of electrode materials where surface
phenomena, such as solid-electrolyte interphase (SEI) formation and surface functional groups,
significantly influence electrochemical performance.

The working principle of XPS is based on the photoelectric effect. When a material is irradiated
with monochromatic X-rays, typically Al K, (1486.6 eV) or Mg K, (1253.6 eV), core-level
electrons from atoms near the surface absorb the photon energy and are ejected from the material
if the photon energy exceeds their binding energy.!!! The kinetic energy (E)) of the emitted

photoelectrons is measured, and the binding energy (E}) is then calculated using Eq. (3.2)

Eb :hV—Ek_(p (32)

where hv is the energy of the incident X-ray photons, and ¢ is the spectrometer work function.

This relation enables the identification of elements and their chemical states.!!!
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As depicted in Fig. 3.4, the X-ray source directs a beam of photons onto the sample surface,
resulting in the emission of photoelectrons. These electrons are collected by a transfer lens system,
which focuses them through a series of mesh electrodes and slits into a hemispherical energy
analyzer. Inside the analyzer, electrons are separated based on their kinetic energy as they follow
a curved electrostatic path. The energy-dispersed electrons then reach a multichannel detector,
which records the number of electrons at each energy level. The resulting energy distribution was
processed to obtain binding-energy spectra for chemical-state assignment.

XPS offers a probing depth of approximately 5 to 10 nm, making it highly sensitive to surface
chemistry.['! This is particularly relevant in the context of electrode materials for lithium- and
sodium-ion batteries, where surface modifications, carbon coatings, and native oxides can
influence the charge transfer and cycling stability.[! Furthermore, XPS can distinguish between
different oxidation states, enabling detailed analysis of transition metals, silicon oxides, or surface
carbon functionalities, which are often present in biomass-derived carbon-silica composite
systems.

In this study, XPS was employed to characterize the surface elemental composition and bonding
configurations of the barley husk-derived composite materials. All XPS measurements in this work
were performed using a Thermo Fisher ESCALAB Xi+ spectrometer. All spectra were calibrated
using the C 1s peak at 284.8 eV as a reference. This technique provided essential insights into the
nature of carbon, silicon, and oxygen species, as well as the presence of dopants or residual
impurities. These findings helped correlate surface chemistry with the observed electrochemical

behavior, particularly in terms of capacity retention and SEI formation.
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Figure 3.4. Schematic diagram of an X-ray Photoelectron Spectroscopy (XPS) system, illustrating
the emission of photoelectrons (ey) from the sample surface upon irradiation with X-rays (hv).
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3.2.6. Dynamic light scattering

Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS), is a non-
destructive and highly sensitive technique used to determine the size distribution of particles
suspended in a fluid. It is especially suited for analyzing nanoparticles, colloids, and polymers with
dimensions in the range of 1 to 1000 nm.*!

DLS determines particle-size distributions from intensity-fluctuation autocorrelation functions
arising from Brownian motion. When a monochromatic laser beam passes through colloidal
dispersion, particles in motion scatter the light. Due to their constant motion, caused by thermal
energy in the liquid, the intensity of the scattered light fluctuates over time. These fluctuations are
detected at a defined angle (usually 90° or lower, e.g., 12° or 173° depending on the instrument
configuration) and converted into an autocorrelation function, which reflects how the scattered
intensity varies with delay time.!*!

As shown in Fig. 3.5, the DLS setup involves a laser source whose coherent beam is collimated
and directed through a transparent sample cuvette containing the dispersed particles. Scattered
light at an angle @ is collected by an optical system and guided to a photodetector. A portion of
the incident beam is also routed as a reference light via beam splitters and mirrors. The resulting
interference pattern provides a beat frequency corresponding to the motion of particles, which is

recorded over time.
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The analysis of these intensity fluctuations is used to calculate the diffusion coefficient (D) of the
particles via the Siegert relation. From this, the hydrodynamic diameter (dj) can be derived using

the Stokes-Einstein equation in Eq. (3.3)

4o = kgT
" 3nnD

(3.3)

where kg is Boltzmann’s constant, T is the absolute temperature, and 7 is the solvent viscosity.[*!
The hydrodynamic diameter includes not only the core particle size but also any surface-attached
molecules or solvated layers, making DLS a particularly useful tool for evaluating agglomeration,
dispersion stability, or surface functionalisation.

In this work, DLS measurements were carried out to estimate the size distribution of suspended
silicon particles used in some of the anodes. This analysis provided insights into the uniformity of
dispersion and the degree of aggregation, both of which are critical for ensuring consistent
electrode performance. Furthermore, DLS complements solid-state techniques like XRD and SEM
by offering information on the particle size in the fluid state, relevant during slurry preparation or

surface functionalization stages.
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Figure 3.5. Schematic representation of a Dynamic Light Scattering (DLS) system.
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3.2.7. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis technique used to measure the change in
mass of a material as a function of temperature or time under a controlled atmosphere. It provides
critical information about the thermal stability, composition, and decomposition behavior of
materials.l!! In battery-related materials research, TGA is commonly employed to evaluate the
content and thermal behavior of carbon, silica, binders, or other organic/inorganic constituents in
composite electrodes.

The basic principle of TGA involves heating a small mass of the sample (typically 5 to 20 mg) in
a high-precision balance located within a furnace. The temperature is increased linearly over time,
usually at a rate of 5 to 20 °C min™', while the system is purged with a specific gas such as nitrogen,
air, or argon depending on the analysis objectives. As the temperature rises, the sample undergoes
physical or chemical transformations (e.g. dehydration, decomposition, oxidation), and any
associated mass change is continuously recorded.!]

In this work, TGA was used to evaluate the thermal decomposition behavior and composition of
the barley husk-derived silica/carbon composites. By analyzing the weight loss in an oxidative
atmosphere (air), the carbon content within the composite could be estimated based on the
combustion of the carbonaceous phase. At the same time, the residue remaining at elevated
temperatures corresponds primarily to the thermally stable inorganic phase, such as silica (Si0z).
This analysis not only confirmed the successful incorporation of carbon into the silica matrix but
also enabled the quantification of each phase, which is essential for understanding the
electrochemical contributions of each component. Additionally, the thermal stability profile
provided insights into the processing conditions and potential performance limitations of the
materials under elevated temperatures, which may be encountered during electrode fabrication or
operation.

TGA thus serves as a complementary technique to structural and morphological characterisations,
enabling a more complete understanding of the hybrid composite’s composition and its suitability

for lithium- and sodium-ion battery applications.
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3.3. Electrochemical tests

3.3.1. Galvanostatic charge-discharge

Galvanostatic charge-discharge (GCD) testing is a fundamental electrochemical method used to
assess the specific capacity, cycling stability, coulombic efficiency, and rate capability of electrode
materials under practical operating conditions. This technique involves charging and discharging
a battery electrode at a constant current while recording the corresponding voltage response over
time. In this study, GCD tests were performed to evaluate the performance of barley husk-derived
silica-carbon composite anodes in both lithium-ion and sodium-ion half-cells.

The measurements were carried out using a LAND CT2001A battery testing system under ambient
conditions. The cells were assembled in CR2016 coin cell configuration, using lithium or sodium
metal as counter and reference electrodes, a glass fibre separator, and a suitable electrolyte (as
described in Chapter 2). The electrodes were cycled between predetermined voltage limits,
typically 0.01 to 3.0 V vs. Li/Li* or 0.01 to 2.5 V vs. Na/Na*, at various current densities (e.g., 100
mA g for initial cycling, and increasing values for rate performance assessment).

The voltage profiles obtained from GCD testing provide critical insights into the
lithiation/sodiation mechanisms and the reversibility of the reactions. Plateau regions in the
discharge-charge curves often indicate specific phase transitions or alloying reactions, whereas
sloping regions are commonly associated with intercalation or capacitive behaviour. The initial
charge-discharge cycles are especially important, as they capture irreversible phenomena such as
SEI formation, electrolyte decomposition, and structural rearrangement within the active material.
GCD data were used as the primary basis for reporting capacity, Coulombic efficiency and voltage-
profile evolution. The results serve as a critical link between the structural properties established
in previous characterisation sections and the practical performance metrics relevant to energy

storage systems.

3.3.2. Cyclic voltammetry
Cyclic voltammetry (CV) is a versatile electrochemical technique used to investigate redox

activity, reversibility, and the underlying charge storage mechanisms of electrode materials. In this
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study, CV measurements were employed to examine the lithiation/delithiation and sodiation-
desodiation processes occurring within the barley husk-derived silica/carbon composite anodes.
All CV experiments were conducted using a CHI 660E electrochemical workstation, with
CR2016-type half-cells assembled in an argon-filled glovebox. The measurements were performed
within a potential window of 0.01 to 3.0 V vs. Li/Li" or 0.01 to 2.5 V vs. Na/Na*, under ambient
conditions.

The resulting voltammograms display characteristic cathodic and anodic peaks that reflect the
electrochemical reactions of active material with lithium or sodium ions. In the initial cycle, broad
and less defined cathodic peaks often appear due to irreversible processes such as electrolyte
decomposition and SEI formation. These features are commonly observed in carbonaceous and
silicon-containing systems. In subsequent cycles, the emergence of sharper and more defined
peaks indicates the stabilisation of electrochemical reactions and improved reversibility.

The position, symmetry, and intensity of the redox peaks offer insights into the kinetic and
thermodynamic properties of the electrode reactions. Peak shifts or changes in intensity over
multiple cycles can signify structural evolution, polarisation effects, or changes in electronic
conductivity. Cycle-to-cycle overlap in CV was taken as an indicator of reaction stabilisation and
improved reversibility.

Moreover, CV is valuable for probing the nature of the charge storage process. Depending on the
material, the current response may arise from surface-controlled capacitive behaviour, bulk
intercalation, or alloying mechanisms. These different processes can be qualitatively inferred from
the shape of the voltammograms; capacitive responses typically result in nearly rectangular or
sloped profiles, while diffusion-limited processes produce pronounced redox peaks.L!

In this study, CV was particularly useful for distinguishing between the electrochemical
contributions of the carbon matrix and the embedded silica or silicon-rich domains. The analysis
provided complementary information to galvanostatic cycling data, offering mechanistic insights
into how the structural features of the biomass-derived composites influence their electrochemical

behaviour.
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3.3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic tool used to analyse the
charge transfer, ionic diffusion, and interfacial characteristics of electrochemical systems. In this
study, EIS was performed to evaluate the resistive and capacitive behaviour of the barley husk-
derived silica/carbon composite anodes, providing insights into both kinetic limitations and
electrode-electrolyte interface stability.

All impedance measurements were conducted using a CHI 660E electrochemical workstation. The
tests were carried out on CR2016-type half-cells after selected cycles, at open circuit potential
(OCP) and over a frequency range typically from 100 kHz to 0.01 Hz, with a small amplitude
sinusoidal excitation voltage (commonly 5 or 10 mV). These conditions were selected to ensure
that the system remained within the linear response regime.®!

The resulting Nyquist plots typically consist of a depressed semicircle in the high-to-mid frequency
region, followed by a sloped line at lower frequencies. The high-frequency intercept with the real
axis represents the uncompensated solution resistance (R), which includes the resistance of the
electrolyte and internal cell components. The diameter of the semicircle corresponds to the charge
transfer resistance (R.;) at the electrode-electrolyte interface, a critical parameter for evaluating
reaction kinetics and SEI characteristics. The inclined low-frequency region is attributed to the
Warburg impedance, associated with the diffusion of lithium or sodium ions within the bulk
electrode material.[!

Fitting the impedance data to an appropriate equivalent circuit model enables quantitative
extraction of these electrochemical parameters. In systems involving complex hybrid structures,
such as carbon/silica composites, multiple resistive and capacitive elements may be involved,
reflecting contributions from the conductive carbon matrix, insulating silica domains, and
interfacial film formation.

EIS was used to track resistance evolution with cycling, particularly changes associated with
interfacial films and charge-transfer kinetics. A decrease in R, after initial cycles may indicate
activation of the electrode material, while a gradual increase over extended cycling is often
associated with electrode passivation, mechanical stress accumulation, or breakdown of the

conductive network.
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3.3.4. Rate performance testing

Rate performance testing is an essential electrochemical evaluation for assessing the capability of
electrode materials to deliver stable capacity at varying current densities, which simulates different
charge/discharge rates in practical applications. In this study, the rate performance of the fabricated
electrodes was systematically evaluated using GCD measurements at a series of current densities.
This test allows direct comparison of the electrodes' behaviour under slow and fast cycling
conditions.

The test protocol typically involves charging and discharging the cell at gradually increasing
current densities (e.g., 0.05, 0.1, 0.2, 0.5, 1, 2 C-rates), followed by a return to the initial current
density to evaluate the reversibility and structural integrity of the electrode material. A well-
performing anode should retain a significant portion of its capacity at high rates and recover its
original capacity when cycled back at low current density, indicating good reaction kinetics,
ionic/electronic conductivity, and structural stability.

For biomass-derived carbon and silica/carbon composite anodes, rate capability is particularly
important due to their potential porous microstructure, which can facilitate electrolyte penetration
and short diffusion pathways for Li* or Na* ions.[’l Furthermore, the presence of carbon helps
improve electronic conductivity, which is crucial for fast charge transfer under high-rate cycling.
In this work, rate performance testing was conducted using the same galvanostatic mode as
described in Section 3.3.1, employing the coin half-cell configuration and a fixed voltage window.
The resulting rate capability plots provide insight into the electrode's tolerance to dynamic
electrochemical conditions and serve as a basis for comparing the performance of barley husk-

derived anodes with commercial graphite or other biomass-based systems.

3.3.5. Differential capacity analysis

Differential capacity analysis (dQ/dV) is a powerful diagnostic tool used to reveal subtle
electrochemical features that may not be evident in conventional voltage-capacity curves. By
plotting dQ/dV against cell voltage (V), this method enables a more detailed interpretation of redox
processes, phase transitions, and surface reactions such as SEI formation during cycling.

In this study, dQ/dV analysis was performed using the charge-discharge data collected from

galvanostatic cycling experiments (Section 3.3.1). The derivative was numerically calculated as
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the change in capacity with respect to the change in voltage, using appropriate smoothing to
minimise noise without distorting key features.

For anode materials such as those derived from barley husk, which may involve both alloying (Si-
related) and intercalation or pseudocapacitive (C-related) mechanisms, dQ/dV plots can help
identify the electrochemical signatures of each contribution. For example, characteristic peaks near
0.1 to 0.2 V (vs. Li*/Li) or 0.3 to 0.5 V (vs. Na*/Na) may correspond to alloying/dealloying of
silicon, while broad features at higher voltages can be indicative of capacitive charge storage in
disordered carbon.[® 8]

Additionally, the evolution of dQ/dV curves over multiple cycles provides insights into the
stability of the electrode material and the reversibility of electrochemical reactions. Shifts in peak
positions, suppression of certain features, or appearance of new peaks can signal irreversible
structural changes, loss of active material, or growth of resistive SEI layers.

The dQ/dV analysis therefore serves as a complementary method to cyclic voltammetry (Section
3.3.2), offering higher resolution in detecting electrochemical events during constant current
cycling. It is especially valuable for complex composite systems like silica/carbon anodes, where

multiple reaction mechanisms may coexist.

3.3.6. Long-term stability

Long-term cycling stability is one of the most critical indicators of an electrode material’s practical
applicability in rechargeable battery systems. While initial capacity and rate performance provide
insight into the short-term behaviour of a material, extended cycling tests are required to evaluate
the structural integrity, reversibility of electrochemical reactions, and persistence of interfacial
stability over time.> !

In this study, long-term galvanostatic charge-discharge cycling was conducted over several
hundred cycles under a constant current density, typically at a moderate rate such as 0.05 or 0.2 C-
rate, depending on the specific test conditions. These measurements were designed to assess both
capacity retention and Coulombic efficiency over extended periods.

Particularly for the silica/carbon anode composites derived from barley husk, long-term
performance testing is crucial for understanding the synergistic effects between the active silicon

oxide domains and the carbon matrix. The carbonaceous phase, typically disordered or turbostratic,
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serves to buffer the volume expansion of SiOx during cycling and to maintain electrical
connectivity. A gradual capacity decay or a sharp drop-off in performance may indicate
mechanical pulverisation, SEI thickening, or loss of electrical contact, all of which are common
degradation pathways in high-capacity anode materials.[? '°

The evolution of Coulombic efficiency throughout cycling also provides valuable information on
parasitic reactions such as electrolyte decomposition and continued SEI formation. Stable values
above 99% typically reflect minimal side reactions and high reversibility, whereas persistently low
efficiencies may suggest instability at the electrode-electrolyte interface.

To support these observations, post-mortem analysis such as SEM imaging, XPS, or EIS can be
employed to investigate electrode morphology, surface composition, and interfacial resistance
after long-term cycling. However, the primary electrochemical metric (capacity retention as a
function of cycle number) remains the most direct indicator of anode robustness and cycle life.”!
Overall, the long-term stability tests in this study serve to benchmark the electrochemical

durability of the barley husk-derived anode system in both lithium- and sodium-ion configurations,

providing critical insight into its suitability for real-world energy storage applications.

3.4. Summary of characterisation methods

A comprehensive suite of material characterisation and electrochemical testing methods was
employed in this study to investigate the physicochemical properties and electrochemical
performance of the synthesised anode materials. Each technique serves a distinct purpose,
providing complementary information essential for understanding structure-property-performance
relationships in both lithium-ion and sodium-ion storage systems.

Structural and morphological features were primarily assessed using scanning electron microscopy
(SEM), and dynamic light scattering (DLS), providing insight into surface texture, particle
morphology, pore architecture, and particle size distribution. Crystallographic and structural phase
analyses were conducted via X-ray diffraction (XRD), while Raman spectroscopy provided
molecular-level information regarding the degree of graphitisation and structural disorder.
Elemental and compositional analyses were carried out using energy-dispersive X-ray

spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis
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(TGA), enabling assessment of surface chemistry, elemental distribution, and thermal stability.
These characterisation techniques collectively form the basis for understanding the material’s
fundamental composition and structure.

In parallel, electrochemical characterisation was performed to evaluate the performance of the
fabricated electrodes. GCD testing provided direct measurements of specific capacity and cycling
behaviour, while cyclic voltammetry (CV) offered insights into redox reactions and capacitive
contributions. Electrochemical impedance spectroscopy (EIS) further elucidated the charge
transfer and interfacial resistances, especially those related to solid-electrolyte interphase (SEI)
formation. Rate performance tests and long-term cycling studies assessed the electrode behaviour
under various current loads and extended cycling conditions. Finally, differential capacity analysis
(dQ/dV) enabled a deeper understanding of the reaction mechanisms and phase evolution
processes during cycling.

Table 3.1 summarises the primary function, classification, key information obtained, and
instruments employed for each characterisation technique. This integrative approach ensures that
both structural and electrochemical dimensions of the material system are thoroughly addressed,

forming a robust foundation for subsequent performance interpretation and mechanism analysis.
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Table 3.1. Comparative summary of characterisation techniques used in this study.

Technique Purpose Type Information Gained Instrument Used
SEM (Scanning Electron ~ Examine surface Structural Particle size, porosity, Zeiss Gemini 300 FE
Microscopy) morphology and structure, and surface texture
microstructure
EDS (Energy Dispersive ~ Elemental composition Compositional  Qualitative/semi-quantitative  Zeiss Gemini 300 FE
X-ray Spectroscopy) mapping elemental distribution (attached EDS)
XRD (X-ray Diffraction)  Identify crystalline Structural Crystal structure, phase Rigaku Smartlab SE
phases and structure identification, and interlayer
spacing
Raman Spectroscopy Analyse molecular Compositional ~ Degree of graphitisation, Renishaw inVia Raman
vibrations and bonding structural disorder, D/G band  Microscope
ratio
XPS (X-ray Photoelectron Surface chemical Compositional  Elemental states, surface Kratos Axis Ultra DLD
Spectroscopy) composition and bonding chemistry, functional groups
DLS (Dynamic Light Determine particle size Structural Hydrodynamic diameter and ~ Malvern Zetasizer Nano
Scattering) distribution in suspension particle size distribution 7S
TGA (Thermogravimetric ~ Assess thermal stability Compositional ~ Organic/inorganic content, Mettler Toledo
Analysis) and composition water content, decomposition TGA/DSC 3+
temperature
GCD (Galvanostatic Evaluate Electrochemical Specific capacity, coulombic ~ LAND CT2001A
Charge-Discharge) charge/discharge efficiency, voltage profiles
behaviour
CV (Cyclic Voltammetry) Study redox activity and  Electrochemical Reversible reactions, peak CHI 660E
kinetic behaviour currents, pseudocapacitive
contributions
EIS (Electrochemical Probe internal resistances Electrochemical SEI resistance, charge CHI 660E
Impedance Spectroscopy) and interface properties transfer resistance, Warburg
impedance
Rate Performance Testing Evaluate capacity Electrochemical Rate capability, power LAND CT2001A

retention at different
current densities

performance, diffusion
kinetics
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Differential Capacity Examine redox behaviour Electrochemical Phase transitions, SEI MATLAB/Origin

Analysis and detect reaction evolution, plateau shifts (processed from GCD
processes data)
Long-Term Stability Tests Assess extended cycling  Electrochemical Capacity retention, LAND CT2001A
behaviour degradation rate, performance
fade
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4. Barley-husk-derived silica/carbon composites

4.1. Introduction

This chapter establishes the processing-structure relationships of barley-husk-derived silica/carbon
(BH-Si02/C) composites that are later used as anodes. The central premise is that the structural
state of the carbon matrix and the dispersion of the embedded biogenic silica are governed by two
controllable processing variables: carbonisation temperature (T) and ball-milling time (BM). The
work therefore proceeds in two parts. First, a temperature series (450 to 1150 °C) under N> is used
to map how bonding-scale order and turbostratic stacking evolve in the unmilled materials.
Secondly, at a fixed high-temperature state, ball milling is applied as an orthogonal lever to tune

texture without changing bulk chemistry.

This chapter begins with the materials route from raw husks to powders and electrodes, including
a single post-milling HCI wash that removes soluble inorganics while retaining SiO-. Structural
characterisation then focuses on Raman spectroscopy and X-ray diffraction for the temperature
series, from which quantitative descriptors are extracted: Raman area-ratio indices and XRD
stacking metrics. The ball-milling section employs N2 physisorption (BET, t-plot, BJH) to quantify
accessible surface and pore structure at BM000 to BM120. Throughout, sample identifiers follow
BH-T##H##-BM###, and a quality-control protocol links synthesis batches to characterisation
datasets to ensure that comparisons isolate tuning variables rather than uncontrolled variance. The
electrochemical consequences of the processing-structure states established here are evaluated in

Chapter 5.

4.2. Material preparation

Barley husks (BH) were processed to obtain a silica/carbon composite suitable for LIB anodes.
The route comprised washing, drying and grinding of the raw biomass, carbonisation under an
inert atmosphere, short-duration ball milling, an acid wash to remove residual inorganics, and
electrode fabrication by slurry casting on copper, followed by coin-cell assembly. The workflow

1s summarised in Fig. 4.1 and the sample identifiers follow BH-T####-BM###, where TH#HH# 1s
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the carbonisation temperature (°C) and BM### is the ball-milling time (minutes). Slurry

formulation, coating and coin-cell assembly procedure will be discussed in detail in chapter 5.
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S

.w-_,

‘ooo :|

Raw barley husks Carbonisation under N, flow

Coollng to room
T temperature

‘ < 'L@@

Slurry casting Post-carbonisation HCl
hi d filtrati
G on Cu current washing and filtration Ball milling

collector

CR2016 half-cell
assembly

| > D)

Punching

——>

—

Figure 4.1. Preparation of barley-husk-derived silica/carbon anodes and electrode fabrication.

4.2.1. Biomass pre-processing

Raw BH were obtained from a local brewery near Norwich City, United Kingdom. As the first
step, BH were thoroughly rinsed with deionised water to remove dust, soluble salts and residual
surface debris, then oven-dried at 60 °C to a constant mass (Memmert UFB 400 universal oven).
Dried material was mechanically ground to yield a flowable powder with a narrow particle-size
distribution, improving thermal homogeneity during carbonisation and reproducibility across
batches. The washing and grinding step also reduces alkali/alkaline-earth impurities that otherwise
catalyse uncontrolled carbon burn-off at high temperature. SEM/EDS in Section 4.2.4 confirms
the progressive removal of such species and the presence of intrinsic Si-rich domains within the

organic matrix.
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4.2.2. Carbonisation under nitrogen

Ground BH powder was placed in ceramic crucibles and heated in a three-zone tube furnace
(Carbolite TZF 12/65/550) under flowing nitrogen gas. A temperature series was carried out over
450 to 1150 °C in 100 °C increments (AT = 100 °C). For each set-point, the furnace was ramped
at 5 °C min™' to the target, held for 2 hours, and then cooled to room temperature under nitrogen.
Products are denoted BH-T####-BMO000 (e.g., BH-T0750-BM000). Carbonisation temperature, T,
is treated as a manipulated variable in this chapter, and its influence on structure and
electrochemical behaviour is examined in Section 4.3. The inert environment suppresses oxidative
loss of carbon and inhibits conversion of biogenic silica into high-temperature crystalline

polymorphs.

The SEM images in Fig. 4.2 clearly show how strongly the morphology depends on the
carbonisation temperature. At 750 °C, the original honeycomb-like lumen structure of the barley
husk is still largely preserved, with open, rounded pores and thin cell walls. When the temperature
increases to 1150 °C, the surface becomes noticeably smoother and decorated with small nodular
features. The cross-sections also reveal significant densification of the walls, partial narrowing or

even closure of the hollow defects, and the development of a thicker, more compact carbon skin.

The clear contrast between the two temperatures highlights the strong structural evolution of the
material with increasing carbonisation temperature and encourages a more quantitative analysis in
Section 4.3, where parameters such as interlayer spacing (dooz), crystallite thickness (L), and

defect-related features are discussed in detail.
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Figure 4.2. SEM cross-sections of BH samples with no milling; (a) BH-T0750-BM000 overview,
(b) detail of region (i) in (a), (c) BH-T1150-BMO000 overview, and (d) detail of region (ii) in (c).

4.2.3. Ball milling

Carbonised powders were subjected to short ball-milling with 1/2-inch (12.7 mm) stainless steel
balls for various durations up to 120 minutes (from BM000 to BM120) using a dual-clamp high-
energy ball mill (Spex Industries Digital Mixer Mill Model 8000D) at a rotating speed of 1400
RPM. Unless stated otherwise, other parameters (ball-to-powder ratio, jar volume and fill) were
held constant across the series. After milling, powders underwent the single HCI wash described

in Section 4.2.4 to remove soluble inorganics and any wear debris.

Fig. 4.3a and 4.3b show the SEM images of the BH-T1150-BM000 and BH-T1150-BM020
powders, respectively. The SEM image in Fig. 4.3a depicts the sample with no ball milling,
showing a relatively uneven and coarse morphology. In contrast, the SEM image in Fig. 4.3b

illustrates the sample from the same temperature series with 20 minutes of ball milling, which
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displays a more fine-grained structure. The ball-milling step is necessary for particle-size reduction
and for improving the physical homogeneity of the silica/carbon composite. Mechanical
comminution facilitates a more uniform dispersion of SiO: within the carbon matrix and increases
the specific surface area, which shortens ionic diffusion pathways and improves charge-transfer
kinetics during charge-discharge. Overall, milling promotes more effective electrolyte contact with
the active material, shortens ion-transport pathways and can improve charge-transfer kinetics and

rate performance.!' ) Electrochemical implications are assessed in Chapter 5.

Figure 4.3. SEM images of (a) BH-T1150-BM000 and (b) BH-T1150-BM020, showing the
milling effect on BH samples.

Cross-sectional SEM in Fig. 4.4a shows a carbonaceous wall with embedded silica spots.
Point EDS at Site 1 detects Si and O (silica-rich domain) together with trace K, Mg and Ca,
consistent with natural origin of the sample. Site 2 is mainly C with minor O from surface
functionalities. A weak Au signal in both sites arises from sputter coating. These
observations confirm a carbon matrix with embedded SiO: domains and residual
alkali/alkaline-earth species, motivating ball milling to homogenise and expose silica-rich
regions and also a post-milling acid wash to remove soluble impurities before electrode

fabrication.
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Figure 4.4. (a) SEM image of BH-T1150-BM000 sample, (b) and (c) EDX analysis of selected
sites.

4.2.4. Acid washing and filtration

To remove residual soluble metal salts and trace ash without dissolving silica, powders were then
immersed in 1M HCI (purchased from Merck) with a 1 g : 50 mL of solid:liquid ratio at room
temperature for 8 hours. This was followed by vacuum filtration and washing with deionized water
until neutralized. Finally, the product was dried at 50 °C overnight. This treatment dissolves
alkali/alkaline-earth carbonates/oxides and chlorides while leaving SiO: largely intact. As an
example, post-wash SEM with EDS elemental mapping of a BH-T1150-BMO000 is reported in Fig.

4.5 which shows the distribution of C, O, and Si in the sample. The elemental mapping confirms
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effective purification as the K, Mg and Ca signals are not detected after acid washing, and the same
result was obtained across multiple scan areas as well as other samples, indicating uniform

cleaning of the samples.

T | sy T |
100pm 100pm 100pm

Figure 4.5. (o) SEM image of BH-TI1150-BM000 powder sample after acid wash, (b)
Corresponding EDX elemental mapping including Carbon, Silicon, and Oxygen, (c) Carbon
mapping, (d) Oxygen mapping, and (e) Silicon mapping.

To complement the elemental mappings with chemical-state information and to probe the
surface composition and oxidation states, XPS was employed on BH-T1150-BM020
sample, and the results are reported in Fig. 4.6. The XPS survey in Fig. 4.6a shows C, O
and Si as the major elements. Using Gaussian functions, high-resolution spectra of Cls,
Ols and Si2p were deconvoluted and presented in Fig. 4.6b to 4.6d. A primary Si2p peak
is observable around 103.2 eV, which is attributable to SiO.. The Cls spectrum includes
peaks at 284.8 eV, indicative of graphite-like sp? hybridised C, as well as peaks at 283.65
eV and 286.4 eV, corresponding to C-Si and C-O bonds, respectively.[*! These XPS results
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confirm that Si is mainly in the form of SiO2, which is embedded in a carbon matrix. This

finding aligns with our SEM/EDX observations.
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Figure 4.6. (a) XPS survey spectra of BH-T1150-BM020 and high-resolution spectra and
deconvoluted peaks of (b) Cls, (c) Ols, and (d) Si2p.

The acid-washed BH-derived powder was further examined using TGA and DSC analysis
to determine the silica content in the samples and the results for BH-T1150-BMO000 are
illustrated in Fig. 4.7. To perform this test, the sample was placed in a 40 pL platinum pan
and heated to 1100 °C in synthetic air flow. The TGA profile is Fig. 4.7a shows an initial
mass loss below ~200 °C from adsorbed moisture/volatiles, followed by the principal,

continuous loss between ~200 and ~700 °C due to oxidation of the carbon matrix to CO
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and COs.. Beyond ~400 °C, the main mass loss is associated with oxidation of the carbon matrix,

including more thermally stable carbonaceous domains." !

The DSC profile in Fig. 4.7b shows an initial endothermic peak at approximately 100 °C,
corresponding to the loss of adsorbed water in the sample. A sharp endothermic transition
between 500 °C and 600 °C represents the energy required for the decomposition reactions.
Beyond 700 °C, an accelerated weight decrease suggests further decomposition, potentially
related to the oxidation of more resilient carbon structures or volatilization of additional
carbonaceous material.[”> 8 The final residual weight (~14% at 1100 °C) indicates the
presence of inorganic residue, likely SiO», as supported by XPS analysis. Additionally, the

broad exothermic peak starting at ~700 °C is attributed to the oxidation of residual carbon.

Although the TGA/DSC data shown were obtained for BH-T1150-BMO000, the absolute
silica mass is expected to be the same for all samples derived from the same BH batch,
irrespective of carbonisation temperature. Under flowing N2, SiO: is retained during heat
treatment and is not removed by the subsequent HCI wash; temperature mainly affects the
carbon yield. Accordingly, the apparent SiO: weight fraction of the product may vary
slightly with yield, but replicate measurements across the series fell within analytical scatter
(= £1 to 2 wt%), indicating batch consistency. The mass of biogenic silica is therefore set
by the precursor batch, and TGA/DSC serves primarily to establish the silica content when

changing BH source batches or comparing different precursors.
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Figure 4.7. (a) TGA and (b) DSC profiles of BH-T1150-BM000 powder.

84



4.3. Temperature effect

4.3.1. Motivation and diagnostic tools

The carbonisation temperature is expected to greatly influence the structure of BH-derived SiO»/C
composites, yet the nature and extent of these changes are not a priori obvious for this specific
precursor. In particular, it is necessary to determine how varying temperature would alter the
arrangement and disorder of the sp? carbon network, as well as the stacking characteristics of
turbostratic domains. To interrogate temperature as a tuning parameter, a series of BH powders
was carbonised at discrete set-points from 450 to 1150 °C in 100 °C increments under N2. To
isolate temperature as the sole processing variable, the ball-milling time was fixed at 20 min for
the entire series in this section. Accordingly, all temperature-varied samples discussed in this
section are denoted BH-T####-BM020. After carbonisation at each set-point (450 to 1150 °C),
powders were milled for 20 min under identical conditions and subjected to the single post-milling
HCl wash described in Section 4.2.4. Structural characterisation (Raman and XRD) was performed
on these samples so that any differences can be attributed to temperature, not milling history. The
influence of milling duration itself is treated as a separate manipulated variable in Section 4.4. The

corresponding electrochemical evaluation is presented in Chapter 5.

4.3.2. Raman spectroscopy across the temperature series

Raman scattering was used to probe the vibrational modes of the carbon framework and are shown
in Fig. 4.8a to 4.8h for different temperatures. These Raman spectra were baseline-corrected with
a Shirley background and deconvoluted into T, D, D" and G components in CasaXPS using pseudo-
Voigt line shapes (LA=1.6) and non-linear least-squares (Levenberg-Marquardt) method. Peak
positions and FWHM were lightly constrained to physically reasonable windows and the same
fitting model was applied to all samples; band areas from these fits were used to compute the
reported ratios. As it can be seen in Fig. 4.8, all the spectra show two main peaks at approximately
1590 cm™ and 1356 cm™!, corresponding to the graphitic band (G-band) and the disorder band (D-
band) of carbon, respectively. The G-band can be attributed to the in-plane stretching vibration of

sp? carbon atoms in a graphitic structure, designated to the regions of ordered graphitic carbon.
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The D-band, however, is associated with the breathing modes of sp? atoms in rings and shows
defects and disorder in the carbon structure, suggesting a significant amount of amorphous carbon
or structural defects. Two auxiliary peaks were also used in the fitting. Firstly, D’ band (~1620
cm™), which is a second defect-activated mode arising from intra-valley scattering near I
(longitudinal optical branch). Secondly, a low-wavenumber T band (~1000 to 1200 cm™) which is
a disorder-related envelope observed in hard/disordered carbons, commonly attributed to

vibrations of non-aromatic motifs and very small aromatic clusters.[*~!!]

Hard carbons from biomass exhibit both defect-activated modes (D, D’) and a low-
wavenumber disorder envelope (T) in addition to G. Using only D and G forces the T and
D’ contributions into the baseline and inflates band areas/widths, whereas a four-component
fit (with a common background and consistent constraints) can capture the physically
distinct motifs, yield stable residuals, and provide interpretable metrics for comparing

temperature-driven structural changes.
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Figure 4.8. Raman spectra of BH-T#H##-BMO020 samples with different carbonisation

temperature from (a) 450 to (h) 1150 °C.

After fitting, the integrated band areas were converted into compact indices that track

bonding-scale order/disorder as a function of carbonisation temperature. Let A, Ap, Ap’

and A; denote the fitted areas of the T, D, D" and G components, and define the total area

as Eq. (4.1).

Atot =AT +AD +AD’ +AG

4.1)

Then the graphitisation index y can be formulated in Eq. (4.2) which captures the fraction

of ordered sp? response.
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Furthermore, the complementary total disorder index, denoted as & in Eq. (4.3), collects the

non-aromatic/sp* contribution (T) together with defect-activated modes (D, D").

_Ar+Ap+ Ay
Atot

(4.3)

To isolate the low-wavenumber envelope associated with small aromatic clusters and

heteroatom/sp® motifs, a non-aromatic proxy is defined as a in Eq. (4.4).

(04 “4.4)

" Aot
Finally, a y/6 ratio as formulated in Eq. (4.5) can illustrate a crystallite/defect balance
which summarises the growth of ordered sp? domains relative to the total disorder
background.

Y _ A
8 AT+AD +AD'

(4.5)

Using Egs. (4.2) to (4.5) for the sample series in this section results in the temperature
trends shown in Fig. 4.9. The stacked spectra in Fig. 4.9a evolve systematically with
increasing temperature, and the corresponding area-ratio indices in Fig. 4.9b confirm
progressive aromatisation and ordering. Specifically, y increases from 0.06 (450 °C) to 0.23
(1150 °C), while 8 decreases from 0.945 to 0.769. The T-band fraction a falls from 0.73 to
0.57, consistent with the removal of non-aromatic/heteroatom-rich motifs. Consequently,
v/6 rises from 0.19 to 0.30, indicating that ordered sp? character grows faster than the
residual disorder. These area-based metrics (derived using a common Shirley background
and identical peak constraints at all temperatures) provide a quantitative bridge to the XRD

stacking parameters discussed later in section 4.3.3 of this chapter.
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Figure 4.9. (a) stacked Raman spectra of BH-T#H##-BMO020 samples with different
carbonisation temperature from 450 to 1150 °C, and (b) variation of integrated-area
indices v, 6, a and y /& with respect to carbonisation temperature.

4.3.3. X-ray diffraction: stacking evolution and derived metrics

XRD measurements have been also conducted to study phase structure and crystalline properties
of BH-T###-BM020 samples prepared at different carbonisation temperature and the XRD results
are reported in Fig. 4.10a. The XRD analysis of each samples shows a broad peak around 23° of
20, which can be attributed to the overlapping peaks of the (002) plane of amorphous carbon and
silica. This broad peak correlates with the interlayer spacing along the c-axis, which is effective
for ion insertion if used as the negative electrode in battery. Furthermore, a characteristic peak
observed at approximately 43° of 26 corresponds to the (100) crystal plane of carbon, marking the
hexagonal lattice structure typically formed by the interaction of sp? hybridised atoms in the carbon
material. This peak is associated with the disordered turbostratic carbon structure.!' 13 The broad
nature of the peaks in these samples confirms the absence of long-range order and the presence of

an amorphous carbon framework.['# 1°]
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Figure 4.10. XRD variations of BH-T####-BM020 samples with respect to carbonisation
temperature. (a) Stacked XRD patterns, (b) (002) peak position (26) shifts with
temperature, (c) interlayer spacing doo, (left axis) and crystallite thickness L. (right axis)
with temperature, and (d) estimated layer number N = L. /dyo>.

To move beyond the qualitative identification of the (002) and (100) peaks, the structural change
with temperature was quantified using the XRD results. Firstly, the interlayer spacing directly
reflects turbostratic contraction or expansion and is relevant to ion insertion pathways. This

parameter is calculated using Bragg’s diffraction equation in Eq. (4.6)

dooz = %n(e) (4.6)

where d, is interlayer spacing, A is the X-ray wavelength (1.54 A for Cu Ka radiation), and 0
is half of the 20 angle for the (002) peak. The results for the (002) peak position and the interlayer
spacing d g, are reported in Table 4.1, and their variations with carbonisation temperature can be

seen in Fig. 4.10b and the left axis in Fig. 4.10c, respectively. The (002) maximum shifts from
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23.06° at 450 °C to 24.75° at 1150 °C. The increase is gradual up to ~850 to 950 °C, followed by

a sharper rise to 24.75° at 1150 °C, consistent with temperature-driven contraction of the average

[11.16] Calculated d g, decreases in steps from 0.38 nm

(450 to 550 °C) to 0.37 nm (650 to 850 °C), 0.36 nm (950 to 1050 °C) and 0.35 nm at 1150 °C,

interlayer spacing reported in the literature.

showing an overall of 7.9% contraction. Even at the highest temperature, d, is still larger than

that of ideal graphite (0.335 nm),[!”] confirming a turbostratic rather than a fully graphitic structure.

The other quantitative parameters used in this section are crystallite thickness and the
corresponding layer count describe the size of stacked domains along the c-axis and are often
correlated with electronic transport and SEI stability. Crystallite size along the c-axis (L) is

calculated using Scherrer equation as formulated in Eq. (4.7)

K2
~ B.cos(6)

where K is the Scherrer constant (0.89 for carbon materials), and S, is the full width at half

Lc 4.7)

maximum (FWHM) of the (002) peak in radians and it is corrected for instrumental broadening.
To calculate 5., The (002) peak was first fitted with a pseudo-Voigt function after linear
background subtraction (same 260 window for all samples). The measured FWHM, [cas>
was taken from the fit and corrected for instrumental broadening using a silicon standard

as formulated in Eq. (4.8)

Be = |Preas ~ Binst (4.8)
where [;,s: 1S the FWHM of the standard measured under identical optics and scan settings.
The corrected B, was then used in Eq. (4.7) to compute L. Using the calculated L and dg»,
number of carbon Layers along the c-axis (N) can be calculated using Eq. (4.9) formulation.

Lc

N =
dOOZ

4.9)

Results for L, and N are listed in Table 4.1 and their variations with carbonisation temperature are
plotted in Fig. 4.10c and 4.10d, respectively. The crystallite thickness along the c-axis L.
increases from 0.997 nm to 1.147 nm, showing a 15.1% increase. Furthermore, the

estimated number of layers per stack rises from 2.59 (450 °C) to 3.19 (1150 °C) which
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indicates 23.4% increase. The steepest increase occurs beyond ~950 °C, where

simultaneous d,, contraction and L. growth compound.

~
&0
~'
~
=3
~

Intensity (a.u.)

10 20 30 40 50 60 70 80 ’ 400 600 800 1000 1200

Carbonization temperature (°C)

Figure 4.11. (a) Visual representation of A and B values from XRD spectrum used in Eq.
(4.10), and (b) variations of R value with carbonisation temperature.

Additionally, an empirical sharpening factor R is used to further distinguish structural differences
induced by carbonisation temperature. This empirical factor captures the progressive definition of
the (002) peak and provides a sensitive probe of ordering when peak decomposition is broad. This

parameter follows Eq. (4.10)

R=- (4.10)

where B is the peak intensity and A is the local baseline intensity, which are illustrated in Fig. 4.11a
and can be also found in Table 4.1. The variation of R value with temperature is also reported in
Table 4.1, as well as its illustration Fig. 4.11b. Although R has no absolute physical meaning, it provides
a sensitive internal descriptor of peak definition when used consistently across the series. The baseline
under (002) decreases from A = 1568 to 900, which translated to a 42.6% change, while the peak
height increases from B = 2254 to 2969, which is a 31.7% increase. These opposing trends yield
progressively cleaner patterns with a more defined (002) feature, resulting in R to be increased
strongly from 1.44 to 3.30 (=+130%). As R combines peak intensification with baseline

suppression, it serves as a sensitive single-number descriptor of ordering; its sharp rise beyond

92



~950to 1150 °C aligns with the inflection seen in dy9,, FWHM and N, and with the Raman indices

(v, 8, a) for the same temperature window.

In general, the tabulated values extracted from the diffraction series show the same monotonic
behaviour: (002) 26 increases with temperature, dgq, decreases, L, and N increase, and R
improves. Taken together, the XRD analysis confirms a move towards more ordered turbostratic
stacks at higher carbonisation temperatures while retaining the amorphous/turbostratic character

expected for hard carbons.

Table 4.1. The detailed XRD results of the BH-T###-BM020 samples.

Temperature (002)20 FWHM dooz (mm) L¢.(nm) N A B R

(°C) _pos. (°)

450 23.06 8.13 0.38 0.997 2.588 1568 2254 1.437
550 23.28 8.05 0.38 1.007 2.640 1529 2267 1.482
650 23.48 7.93 0.37 1.022 2.701 1520 2524 1.660
750 23.52 7.89 0.37 1.027 2.720 1509 2560 1.696
850 23.53 7.76 0.37 1.045 2.769 1498 2590 1.728
950 24.07 7.44 0.36 1.090 2.953 1333 2903 2177

1050 24.08 7.43 0.36 1.093 2.961 1329 2906 2.186

1150 24.75 7.08 0.35 1.147 3.193 900 2969 3.298

4.4. Ball milling effect

4.4.1. Motivation and diagnostic tools

Ball milling is treated here as the second manipulated variable, orthogonal to carbonisation
temperature. Its primary role is expected to be textural, affecting particle size, interparticle packing
and the development of accessible porosity, rather than altering the bulk chemistry or phase of the
BH-derived Si0-/C. To isolate milling effects, the carbonisation temperature is fixed at T = 1150
°C, and powders are processed at defined durations (BM000, BM010, BM020, BM060, BM120)
under identical conditions and post-treated by the same HCI wash. The objective is to quantify

how milling time controls accessible surface area, pore-size distribution (particularly in the
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mesopore regime), and pore volume/connectivity, as these attributes govern slurry dispersion,

electrolyte infiltration and kinetic response in electrodes.

Nitrogen physisorption at 77 K is adopted as the principal tool because it provides reproducible,
model-agnostic metrics of texture for disordered carbons. The BET specific surface area (SSA) is
determined from the adsorption isotherm using the Rouquerol criteria to select the linear region
(positive C constant; V(1 — P/P,) increasing with P/P;). From the same dataset, the
external/micropore split can be estimated by t-plot analysis, and the mesopore size distribution
extracted from the desorption branch via BJH (2 to 50 nm) together with the cumulative pore
volume near P/P, = 0.98. Nitrogen is adequate here because milling predominantly generates
mesopores and external surface; CO2 (273 to 298 K) would be reserved for sub-nanometre
micropores if required. All samples are degassed under vacuum (e.g., 120 °C until a stable
outgassing rate) to a common protocol, and the same mass, equilibration and analysis settings are

applied across the series to ensure comparability.

The section proceeds by reporting the adsorption-desorption isotherms, BET SSA, BJH
distributions and cumulative pore volumes for BH-T1150-BM### samples. These textural
descriptors are used in upcoming chapters to interpret electrolyte access, charge-transfer kinetics

and rate performance, with milling time serving as a practical processing lever.

4.4.2. N, adsorption-desorption analysis

After degassing each BH-T1150-BM### powder to a constant outgassing rate, N> adsorption-
desorption isotherms at 77 K were recorded under identical instrument settings. The specific
surface area and pore metrics were derived from the adsorption branch using the Brunauer-
Emmett-Teller (BET) formalism with the Rouquerol selection to ensure a physically valid linear

region.
The BET formalism is written as Eq. (4.11)

P 1 +_(c —1)P
V(Pb—P) V,C V,C P,

(4.11)
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where P is the equilibrium pressure, P, the saturation pressure, V' the adsorbed volume at P, V,,
the monolayer capacity, and C the BET constant related to the adsorbent-adsorbate interaction. To
avoid over- or under-estimating V},, the linear fitting range was chosen according to Rouquerol
criteria: (i) the calculated V(1 — P/P,) increases monotonically with P /P,; (ii) the intercept and
slope of Eq. (4.11) are positive (therefore V;, > 0 and C > 0); and (iii) the resulting surface
coverage lies within the classical BET regime (typically P/P, = 0.05 to P/P, ~ 0.30) for these
carbons. With the best-fit slope s and intercept i as described in Eq. (4.12) and (4.13).

1

= 4.12

s+ (412)
s
C=1+ n (4.13)
The BET specific surface area was then obtained from V,,, via Eq. (4.14)
VinNasn

Sppp = ———2 4.14

BET m ( )

-1

where N is Avogadro’s number, sy, = 0.162 nm? molecule™? is the N> molecular cross-

section at 77 K, and m is the sample mass (converted to the same molar volume basis as V},,).

To probe micropore/external area partitioning, a t-plot was constructed using a standard statistical
thickness equation for N2 at 77 K; the linear region of V vs film thickness t results an external

surface area from the slope and a micropore volume V,, from the intercept in Eq (4.15)

V =Sexit +V, (4.15)
For mesopore size distribution (2 to 50 nm), the BJH method was applied to the desorption branch,
using the Kelvin relation in Eq. (4.16) and with an adsorbed-film thickness correction as

formulated in Eq. (4.17)

P ZVV{J

In(—)=— :

n (P()) TkRT (4 16)
T'p =Tk +t (417)

where y is the surface tension of liquid Nz, V, its molar volume, 7y the Kelvin radius, 7;, the pore

radius and t the statistical film thickness.

Isotherms and BJH outputs are presented in Fig. 4.12a and 4.12b, and the derived parameters are

summarised in Table 4.2.
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Figure 4.12. N: physisorption of BH-T1150-BM### at 77 K. (a) Adsorption-desorption
isotherms, and (b) BJH mesopore size distributions from the desorption branch.

Table 4.2. Textural parameters from N: physisorption (77 K) for BH-T1150-BM###.

0' ball milling 10' ball milling 20' ball milling  60' ball milling 120’ ball milling
Viu(cm3/g) 7.59 8.03 8.71 10.05 10.42
Sger(m?/g) 33.03 34.93 37.93 43.72 45.34

As shown in Fig. 4.12a, the adsorption-desorption isotherms for BH-T1150-BM### samples are
Type IV with an H3/H4-like hysteresis loop opening from P /P, = 0.4 to 1.0, consistent with slit-
type mesoporosity generated by fracture and de-agglomeration during milling. The BJH desorption
distributions in Fig. 4.12b exhibit a dominant mesopore band centred in the 2 to 5 nm range with

a broad tail extending to tens of nanometres, indicating mesopores with some macropore access.

Quantitatively, BET analysis using Eqs. (4.11) to (4.14) results in a monotonic rise in monolayer
capacity V,,, and surface area Sprr with milling time (Table 4.2). Relative to BM000 (no milling),
V., increases from 7.59 to 8.03, 8.71, 10.05 and 10.42 cm?® g* for 10, 20, 60 and 120 minutes,
corresponding to gains of 5.8%, 14.7%, 32.4% and 37.3%, respectively. The associated S rises
from 33.03 to 34.93, 37.93, 43.72 and 45.34 m? g, i.e., +5.8%, +14.8%, +32.4% and +37.3%,

mirroring the V,,, trend as expected from Eq. (4.14). The largest increment occurs between BM000
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and BM060 showing a net increase of 10.7 m? g', after which the gain from BM060 to BM120

shows a modest increase of 1.62 m? g'.

The BJH analysis in Eq. (4.16) supports this interpretation: the mesopore band strengthens
markedly from BM000 to BM020, grows further at BM060, and changes only slightly at BM120;
the distributions for BM060 and BM120 are nearly superimposed over 2 to 50 nm. Together with
the isotherm opening in Fig. 4.12a, this indicates that accessible mesopore volume and external
surface are largely established by short-to-moderate milling (< 60 min). Prolonged milling to 120
minutes offers only incremental surface growth and may promote limited re-agglomeration or pore

coalescence, which counteracts further activation.

In summary, the five-point series demonstrates that ball milling at T = 1150 °C mainly modulates
texture; V,,, and Sggr increase by ~15% at 20 minutes, by ~32% at 60 minutes, and approach a
plateau by 120 minutes, while the BJH mesopore envelope retains its position and broad shape.
These observations, derived from Egs. (4.11) to (4.16) and reported in Fig. 4.12 and Table 4.2,
provide a quantitative basis for selecting milling time as a practical lever for electrolyte access and

kinetics; the electrochemical implications are evaluated in Chapter 5.

4.5. Conclusion

This chapter defined a robust route to BH-derived SiO»/C powders and established how
carbonisation temperature and ball-milling time set their structural state. Carbonisation under N
from 450 to 1150 °C produced a progressive transition from defect-rich amorphous carbon to more
ordered turbostratic stacks. Raman spectra fitted with a four-band model (T, D, D’, G) were
converted into area-ratio indices that increased the information content beyond the conventional
Ip/l; ratio. With rising temperature, y increased while § and a decreased, evidencing
aromatisation and the attenuation of non-aromatic/heteroatom motifs. XRD corroborated this
evolution quantitatively: the (002) peak shifted to higher 260 with a contraction of dyy, from 0.38
to 0.35 nm, while L. and the layer count N increased and the empirical sharpening factor R more
than doubled. The structure remains turbostratic at all temperatures (dgy, > 0.335), consistent

with hard-carbon behaviour rather than graphitisation.
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At fixed T = 1150 °C, ball milling acted primarily on texture. N> physisorption showed Type-IV
isotherms with H3/H4-type hysteresis for all samples; V,,, and Sggr rose from 7.59 cm?® g' and
33.0m? g ' (BMO000) to 10.42 cm? g! and 45.3 m? g' (BM120), respectively, with the largest gains
achieved by BM060 and only modest change thereafter. BJH analysis revealed a stable mesopore
band (=2 to 5 nm) whose intensity increased with milling, indicating that accessible mesopore
volume and external surface are largely established by short-to-moderate milling. Microscopy

confirmed the associated fragmentation and improved dispersion of silica-rich domains.

Together these results show that temperature controls bonding and stacking, whereas milling
controls accessible texture. The processing windows identified here as T = 950 °C for tightened
turbostratic stacking and BM = 20 to 60 min for efficient textural activation. These processing
windows provide practical levers for electrode design. The impact of these structural states on
initial coulombic efficiency, rate capability, SEI formation and long-term cycling is analysed in
Chapter 5, where the structure descriptors developed here are used directly to interpret
electrochemical behaviour such as initial Coulombic efficiency, rate capability and ageing

signatures.
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5. Electrochemical performance of barley-husk-derived SiO./C
anodes in Li-ion batteries

5.1. Introduction

This chapter evaluates the electrochemical behaviour of barley-husk-derived silica/carbon
composites (BH-T###-BM###) in Li-ion half-cells and establishes how processing governs
performance. Chapter 4 showed that carbonisation temperature sets bonding-scale order and
turbostratic stacking, while ball-milling modulates texture (surface area and mesoporosity).
Here, those two variables are mapped to cell-level responses under a single, standardised
electrode formulation and electrolyte. The study proceeds in two stages: first, the effect of
carbonisation temperature is examined at fixed milling time (BMO020); second, the effect of
milling duration is assessed at fixed temperature (1150 °C). For each subset, galvanostatic
voltage profiles, cycling and rate metrics, and EIS-derived kinetic parameters (including the
apparent Li* diffusivity) are reported. The goal is to identify a processing window that
maximises reversible capacity, rate capability and kinetic efficiency under practical loadings,
while maintaining acceptable initial coulombic efficiency. The optimised condition derived
here is then carried forward as a baseline for the head-to-head graphite benchmark in Chapter

6.

5.2. Scope, test protocol, and performance metrics
All measurements were carried out on CR2016 half-cells prepared with identical electrode
architecture, electrolyte and testing schedule to isolate the contribution of the active material

only. Slurry composition, coating and cell assembly are given in Sections 5.2.1 and 5.2.2.

5.2.1. Slurry formulation and coating

Slurries containing the respective active material (BH-T#H##-BM###), conductive agent
(carbon black, C65) and binder (22.5 g L™ polyacrylic acid in water) in a mass ratio of 7:2:1
were prepared using deionised water as the solvent. This choice of binder, conductive agent,

and the mass ratio has been widely adopted for SiO,/C and hard-carbon anodes due to its
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141 The working

mechanical robustness and favourable interaction with SEI components.
anodes were fabricated by casting the prepared slurries with an applicator gap of 200 um onto
copper-foil current collectors, followed by drying in a vacuum oven (Fistreem M Oven
VAC1600) at 80 °C for 12 hours. The prepared electrodes were then punched into circular disks
with a diameter of 14 mm (1.54 cm?) area and a mass loading of 1.0 to 1.5 mg cm™ (typically

~1.0 mg cm™ for the datasets reported here).

5.2.2. Coin-cell assembly
The punched electrodes were subsequently transferred to an argon-filled glovebox (MBRAUN

UNIlab plus ECO with <0.5 ppm of Oz and H>0 atmospheric conditions) to be used as anodes
in CR2016 coin cells. Li metal chips and microporous membranes (Celgard 2500) were used
as the counter electrode and separator, respectively. The overall half-cell configuration is
illustrated schematically in Fig. 5.1. Additionally, 1.2 M LiPFs in ethylene carbonate/ethyl
methyl carbonate (EC:EMC = 1:3 v/v) with 15 wt% fluoroethylene carbonate (FEC) and 3 wt%
vinylene carbonate (VC) was used as the electrolyte (purchased from Shenzhen Laborxing
Technology Ltd). This electrolyte formulation is widely used for SiOx and hard-carbon anodes,
as the high-EMC solvent blend offers low viscosity and good ionic conductivity, while the
FEC/VC co-additives promote the formation of a stable, inorganic-rich SEI on high-surface-
area electrodes and suppress continuous electrolyte decomposition.l!! After assembly, the cells
were rested for 24 h before testing. After resting, the coin cells were removed from the glove
box for testing. Electrochemical performance was evaluated using several methods.
Galvanostatic cycling, rate testing, cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) were performed as detailed in Section 5.2.3.
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Figure 5.1. Schematic illustration of a coin-cell half-cell configuration used in this work,
showing the sequence of components (not to scale).

5.2.3. Testing protocol

Before describing the testing protocols, three performance metrics frequently used in the
following analysis are briefly defined: C-rate, initial coulombic efficiency (ICE) and capacity
retention. The C-rate denotes the current that would charge or discharge the active material in
1 h (1C); C/5 and C/20 correspond to currents five- and twenty-fold lower, respectively. The
ICE is the percentage of charge recovered during the first charge step relative to the charge
inserted during the first discharge step. It indicates how much of the active transporting ion (in
this case Li") inserted in the first cycle participates in reversible storage, with lower ICE values
reflecting larger irreversible losses associated with solid-electrolyte interphase (SEI)
formation, electrolyte decomposition and structural rearrangements. Capacity retention at a
given cycle is expressed as the reversible capacity at that cycle relative to the capacity in a
chosen reference cycle (typically the first cycle after formation), reported as a percentage; it

therefore quantifies how well the electrode maintains its capacity during prolonged cycling.

All cells underwent two initial formation cycles at C/20 between 0.01 and 3.0 V, followed by
galvanostatic cycling at C/5 within the same voltage window for up to 50 cycles, with 1 min
rest periods prior to each discharge step. The overall formation and cycling schedule is
summarised in the flowchart in Fig. 5.2. Unless otherwise stated, capacities are quoted from
the 5™ cycle onwards to avoid the formation transient. An analogous protocol was used for
long-term cycling, in which the number of discharge-charge cycles was extended at the same

current and voltage limits to assess the long-term stability of the cells.
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Additionally, rate performance used a stepped sequence C/10 (5 cycles) — C/5 (5) — C/3 (5)
— 1C (5) — C/10 (5). CV was performed at 0.2 mV s within 0.01 to 3.0 V to identify redox
features associated with the carbon and silica components. EIS used a 5 to 10 mV perturbation
over 100 to 0.01 Hz at open circuit, immediately after the 1% and 50™ galvanostatic cycles.
Spectra were fitted by non-linear least squares using the equivalent circuit in Fig. 5.5. The
Warburg coefficient ¢ was obtained from the low-frequency linear relation in Eq. (5.1); the
apparent diffusion coefficient D;;+ was then calculated from Eq. (5.2) using a common set of

geometric-thermodynamic parameters for all cells to ensure comparability.

Rest

Until: Step Time == 00:01:00

Constand current discharge: C/20
Until: Voltage <= 0.01V

l

Constand current charge: C/20

Unitil: Voltage == 3V
!

| cycte <=27

i

Rest
Until: Step Time == 00:01:00
!
Constand current discharge: C/5
Until: Voltage <= 0.01V
'
Constand current charge: C/5
Until: Voltage == 3V
|
| cycte <= 507

Formation
cycles

Yes

Yes

End

Figure 5.2. Flowchart of the 50-cycle galvanostatic testing protocol consist of formation and
cycling steps used for the Li-ion half-cells for the datasets shown in this chapter.
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5.2.4. Quality control and traceability

Slurry preparation and coating were standardised to stabilise electrode architecture. Solids
content was maintained in the 35 to 40 wt% range, with viscosity at room temperature
constrained to ~600 to 1200 mPa-s to ensure reproducible casting. Finished electrodes were
required to meet a target loading of 1.0 to 1.5 mg cm™ on Cu with an intra-sheet variation <
+0.05 mg cm?; thickness and areal density were cross-checked to keep porosity within ~30 to

45%, avoiding densification differences that could mask the effects of T or BM.

Finally, a light electrochemical screen of the sentinel cell (same electrolyte and loading as the
study set) provided an operational check: third-cycle capacity at C/10 > 300 mAh g within
+5%, and charge-transfer resistance from fresh-cell EIS within £20% of the sentinel mean, with
solution resistance stable to £10%. Instrument calibrations (XRD 26 using a Si standard,
Raman wavenumber at 520.7 cm™'; mass balances; gas-flow meters) were verified on a monthly
schedule and logged alongside sample IDs. Furthermore, for each condition, multiple coin cells
were assembled and tested to confirm reproducibility. Reported electrochemical values,
including ICE, were based on consistent behaviour across replicate cells and averaged where
appropriate. Collectively, these measures underpin the comparisons made in Sections 5.3 and
5.4, ensuring that observed trends are attributable to the carbonisation temperature and ball-

milling time rather than uncontrolled processing variance.

5.3. Effect of carbonisation temperature

Chapter 4 established that carbonisation temperature governs bonding-scale order and
turbostratic stacking, with 550 °C to 1150 °C spanning the transition from highly defective char
to more ordered hard carbon. To isolate this variable electrochemically, ball-milling time was
fixed at 20 min (BM020), and all electrodes were prepared, formed and tested under the same
conditions (electrolyte, binder, loading and protocol defined in Section 5.2). The four
temperatures selected were 550, 750, 950 and 1150 °C, so sample distinct structural follow the

same texture and cell chemistry.

Fig. 5.3 shows the galvanostatic charge-discharge (lithiation-delithiation) profiles of the first
five cycles for each temperature. From these voltage profiles, it can be seen that all samples

show an initial slope in their discharge direction from 1.0 V to ~0.2 V vs Li*/Li. This slope is
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associated with adsorption-defect and surface-controlled storage, and it is followed by a low-
voltage segment (<0.2 V) attributed to interlayer nanopore filling. Such voltage profiles

showcase the characteristics behaviour hard carbon anodes.[> ¢

Across the temperature series, the first-cycle irreversibility decreases systematically with the
carbonisation temperature. As summarised in Fig. 5.4b, the ICE rises from 48.6 % at 550 °C to
50.2 % (750 °C) and 51.4 % (950 °C), and finally reaching 59.2 % at 1150 °C. This trend aligns
with the higher graphitization degree of the samples at higher carbonisation temperatures
reported in Chapter 4, which diminishes irreversible uptake during formation; therefore, the

1150 °C sample shows the smallest first-cycle capacity loss.

The <0.2 V segment of the voltage profiles in Fig.5.3 grows progressively with temperature.
In the BH-T1150-BM020 anode, the low-voltage contribution is visibly longer and flatter by
cycles 2 to 5 than in the anodes with 550 to 750 °C samples, consistent with tighter stacking
(smaller dp5) and thicker turbostratic domains providing more efficient interlayer storage (as
shown in Section 4.3). Conversely, the BH-T550-BM020 anode is dominated by the higher-

voltage slope with only a short low-voltage segment.

Another notable trend is that the separation between charge and discharge traces (hysteresis)
narrows with temperature, and the profiles stabilise within the first 3 to 5 cycles for all samples.
Lower-temperature anodes show a larger early-cycle drift, consistent with more extensive SEI

growth and surface reactions.

Overall, these voltage profiles link the temperature-set structure to the storage mechanism.
Increasing temperature suppresses defect-to-surface-dominated uptake (reducing irreversible
loss) while enhancing the low-voltage, interlayer contribution that carries useful reversible

capacity.
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Figure 5.3. Charge-discharge voltage profiles of BH-T####BMO020 anodes with active
materials prepared at different carbonisation temperatures at their (a) 1, (b) 2", (c) 3", (d)
4" and (e) 5™ cycle under a C/5 current.

The cycling performance and CE of the BH-T####-BM020 anodes over their first 50 cycles at
a current of C/5 are shown in Fig. 5.4a. All anodes exhibit a rapid capacity drop during the first
formation cycle, followed by stabilization and consistent performance. As also shown in Fig.
5.4b, the calculated ICE values are 48.6%, 50.2%, 51.4%, and 59.2% for BH-T550-BM020,
BH-T750-BM020, BH-T950-BM020, BH-T1150-BM020, respectively. This increasing trend
in ICE matches the trend in first-cycle overlap seen in the voltage profiles and reinforcing the
link between higher temperature and reduced first-cycle loss. After formation cycles, the

approximate fifth-cycle specific capacities reach 380 mAh g™' (BH-T1150-BM020), 310 mAh
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g (BH-T950-BM020), 250 mAh g (BH-T750-BM020) and 110 mAh g (BH-T550-
BM020).

The rate performance of the BH-T####-BM020 anodes under varying C-rates is illustrate in
Fig. 5.4c and shows distinct trends in specific capacity retention at different current densities
for different anodes. The BH-T1150-BM020 anode maintains ~360 mAh g™ at C/5, ~350 mAh
g ' at C/3, and ~320 mAh g at 1C, recovering to ~380 mAh g upon returning to the initial
C/10 rate. The BH-T950-BM020 anode follows with ~280 mAh g' (C/5), ~260 mAh g! (C/3)
and ~210 mAh g' (1C), also showing near-full recovery. The BH-T750-BM020 and BH-T550-
BMO020 anodes deliver correspondingly lower values across all rates and do not recover to their
initial C/10 plateaus on the final step. The relative ranking 1150 °C > 950 °C > 750 °C > 550
°C persists at every rate, indicating that the structural state set by temperature governs both
reversible capacity and kinetic response. The stronger rate retention at higher temperature can
be attributed to the sharper (002) peak in the powder XRD discussed in Chapter 4, which
translated to reduced d,,, increased L. and N, as well as higher R. It can be seen that such
structural properties favour improved electronic transport and more efficient low-voltage

storage.

107



800 - o~
O

(a) N (b)bnso
X e
< 600 = 2
> —o— 750°C g S

< —— 950°C 2 o 950
£ —o— 1150 °C £ g
> 400 ® 2

8 3 & 750
Q 1S =}
® o g
O 200 3 =
o

© £ 550
3

T T T T

0 20 40 60 80 100
Initial Coulombic Efficiency (%)

=
=3
=3
10
[
a
o
°
o
©

Cycle number

Figure 5.4. Electrochemical performance of BH-T####-BM020 anodes with active materials
prepared at different carbonisation temperatures, (a) cycling performance and CE of the
anodes over the first 50 cycles at a current of C/3, (b) corresponding ICE of the anodes, and
(c) rate capability of the anodes.

To complement the galvanostatic results above, electrochemical impedance spectroscopy (EIS)
was used to separate ohmic, interfacial and diffusion contributions to cell resistance for the
BH-T###-BMO020 anode series. It is used here to compare kinetic/transport characteristics of
BH-T####-BM020 anodes prepared at different carbonisation temperatures under otherwise
identical conditions. All the EIS spectra were collected at open circuit after a rest period
following the 1** and 50™ cycles, using a voltage amplitude of 5 mV over a frequency range
from 100 kHz to 0.01 Hz. EIS data fitting was performed by non-linear least squares in ZView

software, with identical bounds for all anodes to enable direct comparison.
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Figure 5.5. Equivalent circuit model used for EIS fitting.

All spectra are well described by the Randles-type circuit model as depicted in Fig. 5.5. During
model selection, the spectra were trial-fitted with several candidate circuits such as single-arc
Randles, two-arc models with(out) explicit SEI, and variants with finite-length Warburg. The
topology in Fig. 5.5 consistently gave the lowest residuals and Kramers-Kronig-consistent
parameter sets across all anode series and both cycle states, while more complex circuits did

not reduce the error meaningfully. So, it was adopted for all datasets to ensure comparability.

As it can be seen in Fig. 5.5, this model comprises a ohmic resistance R, an SEI arc with Rgg;
and CPEgg;, a charge-transfer arc with R.; and CPE;, and a low-frequency Warburg element
Zy . The constant-phase elements (CPE) account for non-ideal capacitive behaviour of rough,
porous electrodes; their exponents were constrained to physically reasonable windows (0.6 to
1.0). The Warburg response was also analysed by the standard linear relation as formulated in

Eq. (5.1) to obtain the Warburg coefficient.

Z'=R;+ow (5.1)

0.5)_[7

where o is Warburg coefficient (0 s I The apparent Li* diffusion coefficient D, ;+ was then

calculated from o using Eq. (5.2)

R2T?
- 2A2n*F4C%02

D+ (5.2)

where R is the universal gas constant (8.314 ] mol~*K~1), T is the temperature (K), A
is anode surface area (cm™2), n is the number of electrons per ion insertion (equal to 1
for Li*), F is the Faraday constant (96485 C mol™1), and C is concentration of Li* in

the active material (mol cm™3).l"]
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The fitted parameters are listed in Table 5.1 and show a clear and monotonic dependence on
carbonisation temperature of the anodes. On the 1% cycle, the ohmic term R, decreases from
5.86 Q for BH-T550-BM020 to 2.28 Q for BH-T1150-BM020, and further relaxes to 3.98 and
2.16 Q by the 50th cycle for the same anodes, respectively. This drop in R, reflects improved
wettability and stabilisation of the cell components after formation. The charge-transfer
resistance R, follows a similar trend, falling from 78.83 Q (for BH-T550-BM020) through
64.09 Q (for BH-T750-BM020) and 59.09 Q (for BH-T950-BM020) to 35.48 Q (for BH-
T1150-BM020) on the 1% cycle. After 50 cycles, R, fitted values are 53.34,42.57,37.63,24.63
Q, for the same anode series order. Relative to 550 °C, the 1150 °C anode exhibits
approximately 55% lower R, after formation and after ageing. This decrease in the charge
transfer resistance of the anodes can be related the material characterisations of BH-T###-
BMO020 powder samples described in Chapter 4. Increasing the carbonisation temperature
produces tighter turbostratic stacking, meaning smaller d,, larger L./N, higher sharpening

factor R, which supports faster interfacial charge transfer.

Diffusion coefficients derived from the low-frequency tail further confirm the carbonisation
temperature effect on the electrochemical performance of the anodes. As it can be seen in Table
5.1, the Warburg coefficient decreases with temperature. On the 1st cycle ¢ = 1.29, 1.04, 0.95,
and 0.57 Q s%5 for 550, 750, 950, and 1150 °C, respectively, and falls further by the 50th cycle
to 0.87, 0.70, 0.62, and 0.41 Q s%5. Using Eq. (5.2), the corresponding D,;+ during the 1%
cycle increases from 2.13x10®* for BH-T550-BM020 to 1.09x1077 cm? s' for BH-T1150-
BMO020, showing a five-fold improvement from 550 to 1150 °C. During the 50" cycle thought,
the corresponding D, ;+ varies from 4.67x107® to 2.10x107 cm? s for BH-T550-BM020 and
BH-T1150-BMO020, respectively. Each anode shows an improvement in D;;+ of roughly a

factor of two between cycles 1 and 50.

Alarger D, ;+ signifies faster Li* transport within the composite electrode, which means a more
rapid migration through the SEI and penetration into the active carbon domains, which reduces
concentration polarisation and supports higher reversible capacities at elevated rates.!”- ! The
temperature dependence of D;;+ is consistent with the structural evolution established in
Chapter 4. Anodes with more graphitized structure show more efficient low-voltage interlayer
pathways for Li storage while maintaining sufficient spacing for insertion. Consequently,

anodes carbonised at 1150 °C combine the lowest interfacial resistances with the highest
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diffusion coefficients, explaining their superior ICE, rate retention and cycling stability

observed throughout this section.
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Figure 5.6. Nyquist plots of BH-T####BM020 anodes after (a) the I*' cycle and (b) the 50™
cycle. Corresponding Z' vs ™' 2 plots with linear fits after (c) the 1*' cycle and (d) the 50" cycle
used to obtain the Warburg coefficient o.

Table 5.1. Fitted EIS parameters and derived Dy;+ for BH-T####-BM020 anodes for the I*
and 50™ cycles.

st th
Temp. 1%t cycle 50™" cycle

CO TR,@ [Ra(@ [o@57°%) [ Dy (em?s™) | R(@) [ Re(®) [ 0(@57°%) [ Dy (em?s ™)

550 5.86 | 78.83 1.29 2.13x 1078 | 398 | 53.34 0.87 4.67 x 1078

750 4.72 | 64.09 1.04 3.27x 1078 | 329 | 42.57 0.70 7.22%x 1078
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950 3.14 | 59.09 0.95 392x 1078 | 2.86 | 37.63 0.62 9.21x 1078

1150 | 2.28 | 3548 0.57 1.09x 1077 | 2.16 | 24.63 0.41 2.10 x 1077

5.4. Effect of ball-milling duration

In Chapter 4 it was shown that at fixed carbonisation temperature, short ball-milling up to 20
to 60 min chiefly increases the surface area and mesopore volume with diminishing returns
thereafter. It was also shown that very long milling can trigger re-agglomeration or partial pore
collapse. To translate these structural changes into electrochemical behaviour of the anodes,
the carbonisation temperature of the active material used in the anode formulation was fixed at
1150 °C and the milling duration was varied across BM000, BM010, BM020, BM060 and
BM120. All anodes were formulated and tested identically as explain previously in Section 5.2,

so differences reflect the milling variable alone.

The first five charge-discharge profiles for BH-T1150-BM### anodes are shown in Fig. 5.7.
All samples exhibit the typical hard-carbon response. Similar to the cyclic performance of BH-
TH####-BM020 anodes series in Fig. 5.4a, the charge-discharge profiles consist of a sloping
lithiation above 0.2 V followed by a low-voltage segment approximately below 0.2 V. With
moderate milling, from BMO010 to BM060, the low-voltage portion lengthens and the profiles
become slightly flatter by cycles 2 to 5, indicating a larger contribution from efficient low-
voltage storage and reduced polarisation. The active material no ball milling (BM000), retains
a shorter <0.2 V region and greater hysteresis. BM120 shows no further gain relative to BM060,
and a small increase in hysteresis appears, consistent with the structural over-milling effects

inferred in Chapter 4.
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Figure 5.7. Charge-discharge voltage profiles of BH-T1150-BM### anodes with active
materials prepared at different ball milling duration at their (a) 1*, (b) 2", (c) 3 (d) 4" and
(e) 5" cycle under a C/5 current.

The cycling performance and CE of the BH-T1150-BM### anodes over their first 50 cycles at
a current of C/5 are shown in Fig. 5.8a. All anodes stabilise after the first few cycles, but the
reversible capacity clearly peaks at BM020. Over 50 cycles, capacity retention remains high
for BM020 and BM060, fade by only ~5 to 8 %, with CE > 98 % after formation, while BM010
and BM120 show moderate decay of ~10 to 15%, and BMO00O exhibits the strongest drift of
~30 to 40%. The differences in capacity retention across milling times can be ascribed to the
effect of ball milling on surface area and mesopore connectivity of the active materials. Short-

to-moderate milling increases external surface and mesopore connectivity, which means better
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electrolyte access and shorter ion paths. In contrast, zero milling leaves the particles under-

activated and very long milling offers no further porosity gain and may partially degrade it.

Ball milling duration also affects the ICE of the anodes, as illustrated in Fig. 5.8b. The ICE
decreases monotonically with milling time. BH-T1150-BM000 shows the highest ICE of
65.23%, and then BM010 and BM020 possess the next ICE values with 62.12% and 59.20%,
respectively. Eventually, the lowest ICE can be seen in BM060 and BM 120 with only 55.49%
and 52.36%, respectively. This trend is consistent with the BET/t-plot results in Chapter 4,
where the greater accessible surface area and mesoporosity produce a larger interfacial area for
SEI formation during the first lithiation and expose more active sites, both of which consume
charge irreversibly. In addition, milling exposes silica-rich domains more uniformly, which
increases the wetted interface in the composite during formation. The net effect is a controlled
trade-off. Milling improves reversible capacity and rate performance up to 20 to 60 min, at the
cost of progressively lower ICE. Among the series, BM020 provides the best balance, with the

highest reversible capacity and only a moderate ICE.

Rate capability of the anodes was tested under the same stepped protocol used in the
temperature study, and results are plotted in Fig. 5.8c. The capacity ranking established at C/5
carries through the entire series, with BM020 consistently highest, BM060 close behind,
BM120 and BMOI10 intermediate, and BMO0O0O lowest. Quantitatively, BM020 delivers
approximately 380 mAh g at C/10, 360 mAh g ' at C/5, 350 mAh g* at C/3 and 320 mAh g!
at 1C, then recovers to 380 mAh g on returning to C/10 again. Among the other anodes,
BMO060 shows the highest capacity across all C-rates as well as an acceptable recovery in its
capacity while returning the C/10. Nevertheless, BM000 remains the least capable across all

rates.

It can be seen that short-to-moderate milling (BM020 to BM060) increases surface area and
mesopore connectivity, leading to better electrolyte wettability and shorter ion-transport paths.
However, over-milling (BM120) may introduce re-agglomeration or partial pore collapse,
reducing rate performance despite comparable CE after formation. Overall, BM020 offers the
best balance of high absolute capacity and strong rate retention under identical cell chemistry

and loading.
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Figure 5.8. Electrochemical performance of BH-T1150-BM### anodes with active materials
prepared at different ball-milling durations, (a) cycling performance and coulombic efficiency
of the anodes over the first 50 cycles at a current of C/5, (b) corresponding ICE of the anodes,
and (c) Rate capability of the anodes.

EIS was also applied to the BH-T1150-BM### series to isolate the kinetic consequences of
milling at fixed carbonisation temperature. Spectra were acquired and fitted under the same
conditions and with the same circuit as in Fig. 5.5 and the Warburg slopes were obtained from

linear fits of Z’ versus w~%°. The full parameter set for the 1% and 50™ cycles is reported in

Fig. 5.9 and Table 5.2.

On the 1% cycle, R, increases with milling time from 1.42 Q (BM000) to 4.27 Q (BM120),
likely reflecting the looser packing and higher porosity of heavily milled powders before
complete wetting and SEI consolidation. A similar monotonic rise is observed for R, from
28.88 Q (BM000) through 33.29 Q (BM010) and 35.48 Q (BMO020) to 43.53 Q (BM060) and
64.12 Q (BM120). In parallel, the Warburg coefficient o grows from 0.46 to 1.04 Q s~ %5, and
the derived diffusion coefficient D ;+ falls from 1.67 X 1077 t03.27 X 1078 cm? s~1. These

first-cycle trends are consistent with the larger fresh surface area generated by milling; more
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area demands more SEI to be formed, which transiently increases interfacial and diffusive

impedances despite the ultimately beneficial structural changes.

After 50 cycles, the ranking reverses and clearly identifies an optimum milling window. Ry
converges to low values for BM020 and BM060 (2.16 and 2.29 Q) and remains higher for
BMO000 and BM120 (3.06 and 4.30 Q). The charge-transfer resistance decreases sharply to
24.63 Q (BM020) and 30.89 Q (BM060), while remaining substantially larger for BM010
(47.53 Q), BM120 (45.80 ©) and BM000 (59.00 Q). The Warburg slopes show the same
ordering, with a minimum at BM020, starting from o = 0.41 for BM020, and then varying to
0.51 (BMO060), 0.74 (BM120), 0.78 (BM010) and 0.96 Q s%5 (BM000). Using Eq. (5.2), this
yields the highest D;;+ for BM020 (2.10 x 10”7 em? s™') and BM060 (1.36 x 1077 cm?® s7'),
intermediate values for BM010 and BM120 (5.82 x 10°® and 6.46 x 107® cm? s7', respectively),
and the lowest for BM000 (3.84 x 108 cm? s™!). The evolution from the 1° to the 50" cycle
therefore tracks the galvanostatic results; once the SEI stabilises and the electrode is fully
wetted, moderate milling delivers lower R., smaller ¢ and larger D;;+, consistent with
improved access to the mesoporous network and shorter diffusion paths; no milling leaves
pathways under-developed, and over-milling (120 min) offers no kinetic advantage and may

re-agglomerate or partially collapse pores.
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Figure 5.9. Nyquist plots of BH-T1150-BM### anodes after (a) the I*' cycle and (b) the 50™
cycle. Corresponding Z' vs ™’ plots with linear fits after (c) the 1% cycle and (d) the 50™ cycle
used to obtain the Warburg coefficient o.

Table 5.2. Fitted EIS parameters and derived D ;+ for BH-T1150-BM### anodes for the I°' and

50" cycles.

Time 1t cycle 50 cycle

min) "R (@) [ Re(@) [ 6(257°%) [ Dy (emZs™Y) | Ry(@) | Ree(@) [ 6(2 57°5) | Dy (em?s 1)
0 1.42 | 28.88 0.46 1.67x 1077 | 430 | 59.0 0.96 3.84x 1078
10 | 1.55 | 33.29 0.53 1.26 x 1077 | 3.34 | 47.53 0.78 5.82 x 1078
20 | 2.28 | 35.48 0.57 1.09x 1077 | 2.16 | 24.63 0.41 2.10 x 1077
60 | 2.97 | 43.53 0.71 7.02x 1078 [ 229 | 30.89 0.51 1.36 x 1077
120 | 427 | 64.12 1.04 3.27x 1078 | 3.06 | 45.80 0.74 6.46 x 1078
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Overall, the impedance analysis confirms the kinetic origin of the performance ranking
established in Fig. 5.8. BH-T1150-BM020 achieves the best compromise with the lowest
impedances and the highest apparent diffusion coefficient after conditioning which explains its
superior reversible capacity and rate retention under otherwise identical conditions. The
processing window for carbonisation temperature and ball milling duration tuned here (T =
1150 °C, BM = 20 min) is used as the baseline formulation in the next chapter. A direct
benchmark against a standard graphite anode appears in Chapter 6, where it frames the

performance gains from silica/carbon composites.

5.5. Conclusion
Electrochemical testing under a single, controlled protocol establishes clear processing-

performance links for BH-derived SiO./C anodes:

1. Carbonisation temperature governs storage mechanism and kinetics. Raising
temperature from 550 — 1150 °C increases ICE (48.6 — 59.2%), boosts reversible
capacity and rate retention, and reduces both R, and the Warburg slope. The apparent
diffusivity rises by approximately five-fold between 550 and 1150 °C after formation,
and by the 50™ cycle reaches ~2.1x10°7 cm? s for BH-T1150-BM020, consistent with
tighter turbostratic stacking (smaller d,, larger L., higher R) enabling more efficient

low-voltage interlayer/nanopore storage.

2. Ball-milling duration introduces a controlled trade-off between texture and first-cycle
efficiency. Short-to-moderate milling (~20 to 60 min) opens external/mesopore
networks, improving electrolyte access and shortening ion paths; this manifests as
higher reversible capacity, stronger rate performance, lower R, and smaller o after
conditioning. Prolonged milling (120 min) provides no additional porosity benefit and
can slightly degrade kinetics, while no milling leaves the texture under-activated. ICE
decreases monotonically with milling time owing to larger interfacial area for SEI

formation. Across the series, BH-T1150-BM020 offers the best balance.

The processing window T = 1150 °C and BM = 20 min therefore defines a robust baseline for

the BH platform, combining competitive capacity with good rate capability and stable cycling.
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The optimised BH-T1150-BM020 anode identified here is therefore used in Chapter 6 for a

like-for-like comparison with a commercial graphite anode under identical cell conditions.
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6. Benchmarking barley husk-derived SiO./C anodes against
graphite in lithium-ion batteries

6.1. Introduction

Chapter 5 identified BH-T1150-BMO020 as an optimised barley husk-derived silica/carbon
composite anode, combining high reversible capacity, good rate capability and robust cycling
stability in Li half-cells. However, the practical relevance of any alternative anode material
ultimately depends on how it compares with commercial graphite, which remains the industrial

benchmark for lithium-ion batteries.

This chapter benchmarks BH-T1150-BM020 directly against a standard graphite anode (Gr-
Ref) under identical electrode formulation, cell architecture, electrolyte and testing protocol.
The comparison focuses on galvanostatic voltage profiles, cycling stability, rate performance,
electrochemical impedance, cyclic voltammetry, kinetic analysis and post-mortem
morphology. These results are then positioned within the broader landscape of biomass-derived

Si- and SiO2-based anodes using literature data.

The objectives are to quantify the advantages and trade-offs associated with replacing graphite
by a barley husk-derived SiO:/C composite, to clarify the mechanistic origins of any
differences in performance, and to assess whether the BH-based anode can be considered a

viable, sustainable alternative for Li-ion battery applications.

6.2. Scope, test protocol, and performance metrics

All measurements in this chapter were carried out on CR2016 Li half-cells assembled with
either the optimised barley husk-derived composite (labelled BH-T1150-BM020) or a
commercial graphite (powder purchased from Acros Organics) anode (labelled Gr-Ref) as the
working electrode. In both cases, the electrode formulation, coating conditions and cell
hardware were kept identical to isolate the influence of the active material. Slurries containing

active material, carbon black (C65) and polyacrylic acid binder in a mass ratio of 7:2:1 were
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cast onto Cu foil and processed as described in Sections 5.2.1 and 5.2.2, with areal loadings in

the range 1.0 to 1.5 mg cm™2.

The electrolyte and testing schedule were also consistent with Chapter 5. Cells were cycled
between 0.01 and 3.0 V vs Li*/Li using a Li-metal counter electrode and a 1.2 M LiPFs
EC/EMC (1:3 v/v) electrolyte containing 15 wt% FEC and 3 wt% VC. Formation comprised
low-current cycles to stabilise the solid-electrolyte interphase (SEI), followed by cycling at C/5
and rate tests between C/10 and 2C, as detailed in Section 5.2.3. CV was recorded at 0.2 mV
s ! and EIS was performed using a 5 mV perturbation over 100 to 0.01 Hz at open circuit after

selected cycles.

Performance metrics were defined as in Chapter 5. The C-rate denotes the current that would
charge or discharge the active material in 1 h (1C); C/5 and C/10 correspond to currents five-
and ten-fold lower, respectively. The initial coulombic efficiency (ICE) expresses the
percentage of charge recovered during the first charge step relative to the charge inserted during
the first discharge step, and capacity retention at a given cycle is reported relative to a chosen

reference cycle (typically the first cycle after formation).

For post-mortem analysis, selected cells were disassembled in an argon-filled glovebox after
10 and 100 cycles at C/5. The anodes were carefully removed, and residual electrolyte was
gently rinsed off using anhydrous dimethyl carbonate (DMC, Sigma-Aldrich). The electrodes
were then dried under inert conditions within the glovebox for 12 to 24 h. No thermal treatment
was applied to the samples in order to preserve their surface morphology for subsequent post-

mortem SEM imaging.

6.3. Benchmark against a standard graphite anode

This section benchmarks the optimised barley husk-derived silica/carbon composite anode
(BH-T1150-BM020) against a commercial graphite reference anode (labelled Gr-Ref) under
identical electrode formulation, cell architecture and cycling protocol. The objective is to place
the BH-derived anode system on a familiar performance scale, identify mechanistic differences
in lithiation-delithiation behaviour, and clarify where the BH-based anode outperforms or falls

short relative to mainstream graphite.
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6.3.1. Voltage profiles and cyclic performance

The galvanostatic charge-discharge profiles of BH-T1150-BM020 and the graphite reference
anode (Gr-Ref) for the first five cycles at C/5 are shown in Fig. 6.1a and 6.1b, respectively. Gr-
Ref exhibits the characteristic flat lithiation plateau near 0.1 V, associated with Li* intercalation
into a well-ordered graphitic layered structure. The profile stabilises rapidly after the first cycle,
with a narrow voltage hysteresis window and nearly overlapping charge-discharge curves,
which is consistent with effective solid-electrolyte interphase (SEI) formation and highly

reversible intercalation behaviour.

In contrast, BH-T1150-BM020 displays a predominantly sloping voltage profile without a
pronounced low-potential plateau, as shown in Fig. 6.1a. This response is typical of disordered
hard carbon-like materials, where Li storage proceeds through a combination of adsorption on
defect sites, filling of nanopores and insertion into turbostratic or amorphous domains.!"! Over
the first five cycles, the BH-T1150-BM020 profile gradually stabilises; the discharge capacity
experiences a modest increase while the hysteresis between charge and discharge is slightly
reduced by the third cycle, indicating progressive stabilisation of the SEI and equilibration of

surface and pore-filling processes.

BH-T1150-BMO020 delivers a higher specific capacity than Gr-Ref under these conditions,
which is attributed to its hierarchical porosity and the additional storage contribution from the
embedded silica phase, in line with the structural analysis presented in Chapters 4 and 5. The
composite anode, however, exhibits a larger voltage hysteresis than graphite, reflecting the
more complex combination of storage mechanisms and possible local interactions at the silica-
carbon interface. From the first formation cycle, the initial Coulombic efficiency (ICE) of BH-
T1150-BMO020 is approximately 60 %, consistent with hard carbon systems containing SiO-,
whereas Gr-Ref achieves an ICE of around 89 %. The higher irreversible capacity of BH-
T1150-BMO020 is associated with its higher specific surface area, extensive porosity and the
presence of oxygen-containing functionalities, all of which promote electrolyte decomposition

and SEI growth during the initial cycles.

The cycling behaviour and Coulombic efticiency of BH-T1150-BM020 and Gr-Ref at C/5 over
50 cycles are presented in Fig. 6.1c. Both anodes show an initial capacity drop between the
first and second cycles, followed by rapid stabilisation and highly consistent capacity retention.
After the formation period, BH-T1150-BM020 maintains a higher reversible capacity of

approximately 380 mAh g over most of the cycling window, compared with Gr-Ref, which
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stabilises at around 350 mAh g'. This moderate yet persistent capacity advantage is consistent
with the porous composite architecture and the contribution of the silica component to

additional Li storage and mechanical buffering of volume changes.

The Coulombic efficiency of both anodes increases sharply after the first few cycles, reaching
values above 98 %, which indicates that parasitic reactions are strongly suppressed once a
passivating SEI has formed. The combination of enhanced specific capacity, stable Coulombic
efficiency and comparable cycling stability positions BH-T1150-BM020 as a credible

sustainable alternative to conventional graphite.
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Figure 6.1. Charge-discharge voltage profiles of (a) BH-T1150-BM020 and (b) Gr-Ref anodes
for the first five consecutive cycles at a C/5 current, and (c) Cycling performance and
Coulombic efficiency of the same anodes over the first 50 cycles at a current of C/5.
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6.3.2. Rate capability and long-term performance

The rate performance of BH-T1150-BM020 and Gr-Ref is presented in Fig. 6.2a. At low C-
rates (C/10 and C/5), both electrodes deliver relatively stable specific capacities, with BH-
T1150-BM020 maintaining values close to 400 mAh g and Gr-Ref stabilising around 350
mAh g'. On increasing the C-rate to C/3, 1C and 2C, the capacity of both anodes decreases,
reflecting kinetic limitations associated with Li* transport and charge transfer at higher current
densities. Across the entire rate window, BH-T1150-BM020 consistently delivers higher
capacity than Gr-Ref, indicating that the porous composite architecture accommodates faster
Li* insertion-extraction without severe polarisation. When the current density is returned to
C/10, both electrodes recover capacities close to their initial values, which points to good

structural integrity and reversible Li storage under dynamic operating conditions.

Fig. 6.2b compares the extended cycling stability of BH-T1150-BM020 and Gr-Ref at C/5 over
400 cycles. After the initial formation period, both electrodes exhibit gradual capacity fading
with no abrupt degradation events. BH-T1150-BM020 retains approximately 97.9 %, 96.4 %,
93.9 % and 87.9 % of its capacity after 100, 200, 300 and 400 cycles, respectively, while Gr-
Ref retains 96.6 %, 94.4 %, 90.9 % and 87.7 % at the same checkpoints. The BH-derived
composite therefore maintains both a higher absolute capacity and slightly better retention than
graphite over prolonged cycling. This behaviour is consistent with the robust porous
morphology and mechanically reinforcing silica framework identified in Chapters 4 and 5,
which together accommodate repeated Li insertion-extraction and mitigate structural fatigue in

comparison with the purely graphitic reference.
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Figure 6.2. (a) Rate capability of BH-T1150-BM020 and Gr-Ref anodes at current densities
between C/10 and 2C and back to C/10. (b) Long-term cycling performance of BH-T1150-
BMO020 and Gr-Ref anodes over 400 cycles at C/5.
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6.3.3. Electrochemical impedance

To be Electrochemical impedance spectroscopy (EIS) was used to compare the evolution of
interfacial and transport resistances for BH-T1150-BM020 and Gr-Ref. Spectra were recorded
at open circuit after the 1% and 50™ galvanostatic cycles over the 100 to 0.01 Hz frequency
range, and were fitted with the same Randles-type equivalent circuit employed in Chapter 5,
comprising an ohmic resistance R, an SEI arc, a charge-transfer resistance R, with a double-

layer constant-phase element, and a low-frequency Warburg element.

The Nyquist plots in Fig. 6.3a and 6.3b show that both anodes exhibit a depressed semicircle
at intermediate frequencies followed by a Warburg-type tail at low frequencies, characteristic
of Li* transfer across the electrode-electrolyte interface and subsequent diffusion within the
active material. After the first cycle, R; is slightly higher for BH-T1150-BM020 (2.28 Q) than
for Gr-Ref (1.75 Q), which may reflect the somewhat higher porosity and lower packing
density of the composite electrode. The corresponding R, values are comparable (35.48 Q for
BH-T1150-BM020 and 33.59 Q for Gr-Ref), indicating similar initial charge-transfer kinetics
at the lithiated SEI-covered interfaces (Table 6.1).

By the 50" cycle, both electrodes show reduced semicircle diameters and lower fitted R,
consistent with activation of the electrode surfaces and stabilisation of the SEI. For BH-T1150-
BMO020, R.; decreases to 24.63 Q, which is slightly lower than the 26.86 Q measured for Gr-
Ref, while Ry decreases for both anodes. This trend indicates that, once formed, the
silica/carbon composite supports charge transfer at least as efficiently as the graphitic

reference, despite its more complex heterogeneous microstructure.

The low-frequency region was further analysed using the linear relation to extract the Warburg
coefficient ¢ and, via the approach outlined in Section 5.2.3, the apparent Li* diffusion
coefficient D ;+. For both anodes, o decreases between the 1* and 50" cycles, corresponding
to an increase in D;;+. BH-T1150-BM020 shows D;;+ increasing from
1.09 X 1077 to 2.10 X 1077 cm?s™1, which is slightly higher than the increase from
1.17 X 1077 t0 1.83 X 10~7 cm?s~! observed for Gr-Ref (Table 6.1). These impedance results
corroborate the rate-capability data in Fig. 6.2a. The BH-derived composite achieves
comparable or lower interfacial resistance and slightly higher apparent Li* diffusivity after
formation, which together help explain its ability to retain more of its low-rate capacity at

elevated C-rates relative to the graphite anode.
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Figure 6.3. Nyquist plots of BH-T1150-BM020 and Gr-Ref anodes after (a) the I*' cycle and
(b) the 50" cycle. Corresponding Z' vs w™°% plots with linear fits after (c) the I*' cycle and (d)
the 50" cycle used to obtain the Warburg coefficient .

Table 6.1. Fitted EIS parameters and derived D ;+ for BH-T1150-BM020 and Gr-Ref anodes

for the I and 50™ cycles.

1%t cycle 50 cycle
anode
R(Q) | Re(Q) | (@ 57%%) | Dpy+(em?s™) | Ry(Q) | Ree(R) | 6(2 57%%) | D+ (cm?s ™)
Gr-Ref | 1.75 | 33.59 0.55 1.17 x 1077 | 1.40 | 26.86 0.44 1.83 x 1077
BH-
T1150- | 2.28 3548 0.57 1.09 x 1077 2.16 24.63 041 2.10 x 1077
BMO020
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6.3.4. Cyclic voltammetry

The cyclic voltammograms of BH-T1150-BM020 and Gr-Ref, recorded between 0.01 and 3.0
V at 0.2 mV s™', are shown in Fig. 6.4a and 6.4b, respectively. For BH-T1150-BM020 in Fig.
6.4a the first cathodic sweep exhibits several distinct reduction features at approximately 1.85,
1.17 and 0.76 V. The peak at around 0.76 V is associated with the formation of the SEI, which
is predominantly established during the initial cycle and contributes to the irreversible capacity
loss. The broader reduction features at higher potentials, centred at approximately 1.85 and
1.17 V, are attributed to the initial conversion of the embedded SiO: phase. These features are
assigned collectively to the irreversible reactions described by Egs. (6.1), (6.3) and (6.4),
namely the formation of lithium silicates (such as LiS120s and L14Si104) together with Li-O and
electrically conductive Si.!>3! These peaks are largely absent in subsequent cycles, confirming
the irreversible character of the initial SiO2 conversion reactions. Because these first-cycle
cathodic processes overlap in potential, a strict one-to-one assignment of each individual peak
to a single equation is not intended; rather, the two broad peaks represent the combined

electrochemical signature of the SiO2 conversion reactions.

On the anodic sweep, a pronounced oxidation peak centred near 0.9 V is observed. This peak
is assigned to the delithiation/dealloying of LixSi formed during the cathodic scan, consistent
with Eq. (6.2). A much smaller anodic signal at around 0.16 V is attributed to the reversible
insertion and extraction of Li* within the disordered carbon matrix. By the second and third
cycles, the voltammograms of BH-T1150-BM020 largely overlap, with disappearance of the
high-potential cathodic conversion features and stabilisation of the low-potential redox
response.*! This behaviour indicates that SEI formation and SiO. conversion are mostly
confined to the first cycle, while subsequent cycles are dominated by reversible Li storage in
the carbon framework and in the silicon generated from SiO: reduction. These observations are
consistent with the sloping voltage profiles and relatively low initial Coulombic efficiency

discussed earlier for BH-T1150-BM020.

The CV response of Gr-Ref shown in Fig. 6.4b contrasts with that of the BH-derived composite.
Graphite displays the well-known pair of sharp redox peaks located at low potential, associated
with the stepwise formation and decomposition of staged Li/graphite intercalation compounds.
The peak positions and intensities stabilise rapidly after the first cycle, with only minor changes
between the second and third scans, indicating highly reversible intercalation with limited side
reactions. Compared with BH-T1150-BM020, the graphite voltammograms show fewer

faradaic features and a narrower potential range of pronounced current, reflecting the simpler
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intercalation mechanism and the absence of conversion reactions involving SiO.. Together,
these CV results support the earlier galvanostatic analysis; BH-T1150-BM020 accommodates
additional Li-storage processes linked to SiO2 conversion and silicon alloying, at the expense
of higher first-cycle irreversibility, whereas Gr-Ref behaves as a highly reversible, purely

intercalation-type anode.
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Figure 6.4. CV curves at different cycles at a scan rate of 0.2 mVs™ for (a) BH-T1150-BM020
and (b) Gr-Ref anodes.

55i0, + 4Li* + 4e~ = 2Li,Si, 05 + Si (6.1)
Si+ xLi* + xe™ = Li,Si (6.2)

Si0, + 4Li* + 4e~ — 2Li0, + Si (6.3)
2Si0, + 4Li* + 4e~ — Li,Si0, + Si (6.4)

6.3.5. Post-mortem SEM

Post-mortem SEM was employed to examine morphological changes in BH-T1150-BM020
and Gr-Ref after cycling at C/5, with images acquired before cycling and after 10 and 100
cycles, as shown in Fig. 6.5 and 6.6. For BH-T1150-BM020, the pristine anode exhibits a
highly textured, porous surface consistent with the morphology described in Chapter 4 and as
shown in Fig. 6.5a and 6.6a. After 10 cycles and in Fig. 6.5b and 6.6b, the overall architecture
remains largely unchanged and a thin, conformal layer is observed on the particle surfaces,
attributed to SEI formation. Even after 100 cycles and in Fig. 6.5¢ and 6.6¢, the composite
preserves its interconnected porous network without obvious signs of particle cracking,

collapse or delamination. The maintenance of this open framework is consistent with the stable
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capacity and high Coulombic efficiency observed during long-term cycling reported in Fig. 6.1
and 6.2, and indicates that the silica/carbon framework provides effective mechanical support

during repeated lithiation-delithiation.

In contrast, the Gr-Ref electrode initially displays the expected relatively smooth, flake-like
morphology of graphite particles, as shown in Fig. 6.5d and 6.6d. After 10 cycles, the surface
appears more covered by a continuous SEI layer, with partial smoothing of the flake features,
as can be seen from Fig. 6.5¢ and 6.6¢. By 100 cycles in Fig. 6.5f and 6.6f, the graphite surface
shows further passivation; flake edges become less distinct and particle boundaries appear
more rounded, suggesting progressive SEI growth and mild surface reconstruction due to
electrolyte side reactions. However, no severe degradation features such as large-scale
cracking, exfoliation or particle detachment are observed, which aligns with the gradual, rather

than catastrophic, capacity fading recorded electrochemically.

Overall, the post-mortem SEM comparison indicates that both anodes maintain their structural
integrity over 100 cycles at C/5, but the BH-T1150-BM020 composite preserves its porous
architecture more clearly, with a finely distributed SEI and no discernible mechanical damage.
This morphological robustness supports the slightly superior capacity retention of BH-T1150-
BMO020 relative to graphite and underpins its suitability as a durable, biomass-derived

alternative to conventional graphitic anodes.

Figure 6.5. Post-mortem SEM images of BH-T1150-BM020 and Gr-Ref anodes at different
cycling stages under a C/5 current. (a-c) BH-T1150-BM020 before cycling, after 10 cycles and
after 100 cycles, respectively. (d-f) Gr-Ref before cycling, after 10 cycles and after 100 cycles,
respectively.
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Figure 6.6. Higher-magnification post-mortem SEM images of BH-T1150-BM020 and Gr-Ref
anodes at the same cycling stages as in Fig. 6.5 under a C/5 current. (a-c) BH-T1150-BM020
before cycling, after 10 cycles and after 100 cycles, respectively. (d-f) Gr-Ref before cycling,
after 10 cycles and after 100 cycles, respectively.

6.3.6. Kinetic analysis

To further probe the charge-storage kinetics of BH-T1150-BM020 relative to Gr-Ref, CV
measurements were performed at scan rates between 0.2 and 1.0 mV s™' and the results are
depicted in Fig. 6.7a and 6.7b. For both anodes, the peak currents increase systematically with
scan rate while retaining similar shapes, indicating stable redox behaviour over the investigated

range. The scan-rate dependence of the peak current, i, was analysed using Eq. (6.5).5> ¢

i =av? (6.5)

where v is the scan rate and @ and b are adjustable parameters. Rearranging to the logarithmic

form as formulated in Eq. (6.6).

log (i) = b log(v) + log (a) (6.6)
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allows the parameter b to be extracted from the slope of the log(i) — log(v) plots for the
anodic and cathodic peaks, as shown in Fig. 6.7c and 6.7d. A b-value of 0.5 corresponds to a
semi-infinite diffusion-controlled process, whereas b = 1 indicates a surface-controlled,

capacitive response.!’!

For BH-T1150-BM020, the fitted h-values are approximately 0.70 for the anodic peak and 0.71
for the cathodic peak, indicating a mixed but predominantly pseudocapacitive contribution to
charge storage. In contrast, Gr-Ref exhibits lower b-values, closer to 0.55 for the anodic peak
and 0.65 for the cathodic peak, which are characteristic of diffusion-limited Li* intercalation in
graphite. The higher b-values of BH-T1150-BMO020 are consistent with a greater fraction of
fast, surface-controlled processes associated with its disordered carbon domains, accessible

porosity and silica-derived interfacial regions identified in Chapter 4.

These kinetic signatures align with the rate-capability data in Fig. 6.2a, where BH-T1150-
BMO020 maintains a larger fraction of its low-rate capacity at elevated C-rates compared with
graphite. The porous silica/carbon framework facilitates rapid Li* transport and accommodates
pseudocapacitive storage, whereas the more ordered Gr-Ref relies predominantly on diffusion-
controlled intercalation. This difference in charge-storage mechanism underpins the dynamic

advantage of the BH-derived composite in high-rate operation.
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Figure 6.7. CV curves at varying scan rates (v = 0.2,0.5,0.8,and 1.0 mVs™1) for (a) BH-
T1150-BM020 and (b) Gr-Ref anodes, (c) log(i) — log(v) plot for anodic peak currents to
determine the b-value, and (d) log (i) — log(v) plot for cathodic peak currents to determine
the b-value.

6.4. Positioning biomass-derived Si-based anodes

Table 6.2 summarises representative reports of Si- and SiO2-based composite anodes derived
from silica-rich agricultural by-products, including rice husks and corn cobs, processed by
various chemical and thermal routes into Si/C or SiO2/C materials. The majority of studies
focus on rice-husk-derived feedstocks. In contrast, the present work employs barley husk as a
comparatively unexplored biomass precursor and converts it into a SiO2/C composite via direct
pyrolysis followed by a scalable, template-free ball-milling step. The synthesis does not rely
on corrosive etchants or complex solvent systems, which aligns more closely with industrial

constraints on cost, safety and environmental impact.
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When benchmarked against the literature, BH-T1150-BM020 delivers competitive specific
capacity together with high Coulombic efficiency and excellent capacity retention over 400
cycles (Table 6.2). Although more elaborate protocols such as multi-step chemical activation,
templating or Mg reduction can further tailor porosity or silicon content, they frequently
increase process complexity, cost and waste generation. The processing route adopted here
therefore represents a deliberate balance between performance and practical manufacturability.
Within this landscape, BH-T1150-BM020 delivers a moderate specific capacity (~380 mAh
g") but stands out for combining extended cycling to 400 cycles with a simple, scalable
synthesis that avoids multi-step chemical activation or high-temperature magnesiothermic
reduction. Building on this baseline, subsequent chapters examine strategies such as controlled
silicon incorporation and tailored thermal/ball-milling conditions to further enhance the
electrochemical response of barley-husk-derived anodes and improve their suitability for large-

scale LIBs applications.

Table 6.2. Comparison of reported Si-based anode materials derived from biomass waste and
their electrochemical performance in lithium-ion batteries.

Biomass Composite type and synthesis Electrode Specific Capacity reference
source method composition capacity retention
(Wt%) (mAh g™)

Rice husks Si/C, deep eutectic solvent treatment 80:10:10 372.5 ~ 86% after 8]
followed by carbonization 80 cycles

Rice husks Si/C, acid-leaching followed by high- ~ 80:10:10 345.4 ~ 89% after  [®
temperature carbonization 80 cycles

Corn cobs Si/CCDHC, carbonization and ball 80:5:15 ~690 87% after 1]
milling 100 cycles

Rice husks Si/C, alkali extraction, acid 80:10:10 ~600 95% after [10]
precipitation, followed by 1000 cycles
carbonization, ball milling, Mg
reduction, and additive modification

Barley husks Si.Oz./C, direct pyrolysis and ball 70:20:10 380 87.9% after  This work
milling 400 cycles

6.5. Conclusion

This chapter has benchmarked an optimised barley husk-derived silica/carbon composite anode
(BH-T1150-BM020) against a commercial graphite reference under identical cell

configuration, electrolyte and testing conditions. Galvanostatic voltage profiles and cycling
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data show that BH-T1150-BMO020 delivers a higher reversible capacity (~380 mA h g at C/5)
than graphite (~350 mA h g'), albeit with a lower initial coulombic efficiency (~60 % vs ~89
%) and a more sloping voltage response characteristic of hard-carbon-like materials containing
Si0.. After formation, both anodes exhibit stable capacity retention and Coulombic efficiencies
above 98 % over 50 to 400 cycles, with BH-T1150-BM020 maintaining slightly higher absolute

capacity and marginally better long-term retention.

Complementary electrochemical diagnostics reveal mechanistic differences between the two
systems. CV and kinetic analysis indicate that BH-T1150-BM020 accommodates additional
Li-storage processes linked to SiO: conversion and silicon alloying, alongside
pseudocapacitive contributions associated with its disordered carbon domains and accessible
porosity, whereas the graphite reference behaves as a purely intercalation-type anode with
diffusion-limited kinetics. EIS measurements show that, following SEI maturation, the BH-
derived composite achieves charge-transfer resistance and apparent Li* diffusivity that are
comparable to or better than those of graphite, consistent with its superior rate capability. Post-
mortem SEM confirms that both electrodes retain their structural integrity during cycling, but
the BH-T1150-BM020 anode preserves its porous architecture and exhibits a finely distributed

SEI without obvious mechanical damage, supporting its favourable long-term stability.

When positioned against other biomass-derived Si- and SiO.-based anodes reported in the
literature, BH-T1150-BM020 offers competitive capacity and retention while relying on a
relatively simple processing route based on direct pyrolysis and ball milling. The comparison
with graphite demonstrates that a barley husk-derived S10./C composite can match or exceed
the performance of conventional graphitic anodes in Li half-cells, at the cost of lower ICE and
increased voltage hysteresis but with clear sustainability advantages. These findings establish
BH-T1150-BMO020 as a robust baseline for further optimisation; subsequent chapters explore
strategies such as controlled silicon incorporation and broader cell chemistries to further
enhance the electrochemical response and expand the application space of barley husk-based

anodes.
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7. Silicon-enriched barley-husk composites as high-capacity
anodes in Li-ion batteries

7.1. Introduction

The previous chapters demonstrated that barley husk (BH) can be converted into a high-
performance hard-carbon anode, with the optimised BH-T1150-BM020 formulation delivering
capacities above commercial graphite while maintaining excellent rate capability and cycling
stability. Nevertheless, the gravimetric capacity of hard carbon remains fundamentally limited
by its adsorption-intercalation storage mechanism, which constrains the achievable energy
density in practical Li-ion cells. Silicon, by contrast, and as outlined in Chapter 2, offers an
exceptionally high theoretical capacity of ~3579 mAh g' through the formation of Li—Si
alloys, but suffers from large volumetric expansion, unstable solid-electrolyte interphase (SEI)

layers and rapid mechanical degradation during cycling.!!!

A widely explored strategy to mitigate these drawbacks is to embed Si within a conductive
carbon matrix, producing Si/C or Si/SiO-/C composites that buffer the volume change, enhance
electrical connectivity and help to stabilise the SEI. Approaches include nano-structuring of Si,
encapsulation within porous carbons, and the use of elastic binders and SEI-modifying
electrolyte additives. Many of these systems, however, rely on complex synthetic routes, high-
cost precursors or low mass loadings that are not easily transferable to large-scale electrode
manufacture. There remains a need for simpler, scalable architectures where a structurally
robust carbon host can accommodate substantial Si fractions without sacrificing interfacial

stability or rate performance.[!!

Biomass-derived carbons provide an attractive platform in this context. Their intrinsic porosity,
heteroatom doping and embedded inorganic phases can be tailored through thermal processing,
offering built-in free volume and chemically active interfaces that are beneficial for hosting
alloying-type additives.[' 3] The BH-derived SiO2/C composite developed in Chapters 4 to 6 is
particularly promising: it combines a disordered hard-carbon framework with finely dispersed
biogenic silica and a hierarchical micro/mesoporous network. This structure not only stores Li
efficiently but also offers mechanical compliance and silica-rich interfaces that could help to

anchor and stabilise exogenous Si.
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Building on this foundation, the present chapter investigates silicon-enriched BH composites
as high-capacity anodes for Li-ion batteries. Commercial Si powder is incorporated into the
optimised BH-T1150-BM020 host (and, for comparison, into a graphite matrix) over a
controlled composition range, yielding BH/Si hybrids that span BH-dominated to Si-rich
regimes. By keeping the electrode architecture, electrolyte and test protocol identical to those
in Chapter 5, the influence of Si content and host type on electrochemical behaviour can be
isolated. The study combines structural and morphological analysis of the hybrids with half-
cell cycling, rate capability tests, differential capacity analysis and post-mortem SEM, and

extends the most promising composition to full-cell testing against an NMC622 cathode.

The central aim is to define a practical design window for Si incorporation in BH-derived
anodes, in which the alloying capacity of Si is leveraged while preserving the favourable
kinetics and stability of the BH host. Particular attention is paid to the trade-offs between Si
loading, initial Coulombic efficiency (ICE), long-term capacity retention and rate performance,
and to how BH/Si hybrids position themselves relative to pure BH and commercial graphite.
The insights gained here inform the broader objective of this thesis: the development of
biomass-derived Si/SiO»/C architectures that deliver high energy density without sacrificing

durability or sustainability.

7.2. Scope, test protocol, and performance metrics

All silicon-containing anodes in this chapter were evaluated in Li half-cells under a common
electrode architecture, electrolyte and testing schedule to ensure that differences in
performance could be attributed directly to active-material composition. The formulations,
slurry preparation and coin-cell protocol follow the procedures established in Chapter 5, with
the only additional variable being the partitioning of the active mass between BH, graphite and

silicon.
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7.2.1. Anode formulations and nomenclature

The anodes investigated in this chapter were designed to probe how exogenous silicon interacts
with the optimised BH-T1150-BM020 host and with commercial graphite. The formulations
are summarised schematically in Fig. 7.1 and numerically in Table 7.1. In all cases, the anode
composition follows the same overall architecture as in Chapter 5, with 20 wt% carbon black

(C65) as the conductive agent and 10 wt% polyacrylic acid (PAA) as the aqueous binder.

The control anodes consist of a graphite electrode (Gr) and a barley-husk electrode (BH), where
the active phase is either commercial battery-grade graphite or BH-T1150-BM020,
respectively, each occupying 70 wt% of the electrode mass (70:20:10, active:C65:PAA). The
BH material corresponds to the optimised carbonisation-milling condition identified in
Chapters 4 and 5; it provides a disordered hard-carbon matrix with embedded biogenic silica

and well-developed micro- and mesoporosity.

To introduce silicon, the active 70 wt% fraction was repartitioned between BH and Si or
between graphite and Si while keeping the C65 and PAA contents unchanged. It is noteworthy
that the numbers above each bar in Fig. 7.1 indicate the nominal composite capacities
calculated via a simple mass-weighted sum of the individual component capacities, assuming
372 mAh g for graphite and the high theoretical capacity of crystalline Si. These values
represent ideal upper bounds and are consistently higher than the reversible capacities
measured electrochemically in Section 7.4, where practical penalties from SEI formation,
kinetic limitations and mechanical degradation reduce the accessible capacity, especially at

high Si fractions.

138



100%

80%

60%

40%

Anode composition

20%

0%

1 C65 i PAA LI BH-T1150-BM020
20
70

Gr BH BH50-Si20  BH35-Si35

Anode label

id Graphite id Silicon

BH20-Si50  Gr20-Si50 Si

Figure 7.1. Electrode compositions and labeling of the silicon-containing anodes investigated

in this chapter.

Table 7.1. Composition and labels of prepared anode series in this chapter.

Anode Anode Composition Description
Gr 70% Graphite + 20% C65 + 10% PAA Conventional graphite control
BH 70% BH + 20% C65 + 10% PAA barley husks-based control

BH50-Si20  50% BH + 20% Si + 20% C65 + 10% PAA BH-dominant hybrid

BH35-Si35  35% BH + 35% Si + 20% C65 + 10% PAA Balanced BH and Si hybrid

BH20-Si50 20% BH + 50% Si + 20% C65 + 10% PAA Si-rich hybrid

Gr20-Si50  20% Graphite + 50% Si + 20% C65 + 10% PAA Graphite-supported Si composite

Si 70% Si+20% C65 + 10% PAA Pure silicon anode

7.2.2. Slurry formulation, coating and coin-cell assembly

Electrode slurries were prepared following the procedures described in Section 5.2, by

dispersing the active material mixture (BH, graphite and/or Si, as defined in Section 7.2.1),

carbon black (C65) and PAA binder in deionised water to give a total solid ratio of 70:20:10 by

weight. The powders were mixed using planetary stirring until a homogeneous, moderately

viscous slurry was obtained. The slurry was then cast onto copper foil current collectors using

a doctor blade with a wet film thickness of 200 um, followed by drying under vacuum at 80 °C

for 12 h, following the protocol established in Chapter 5.
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Dried electrodes were punched into 14 mm diameter disks and lightly calendared to ensure
good contact between active layer and foil while maintaining comparable areal mass loadings
across all anodes (=1.0 mg cm for the active fraction). The electrodes were transferred to an
argon-filled glovebox (02, H20 < 0.5 ppm) for coin-cell assembly. CR2016 half-cells were
assembled using Li metal as counter electrode, Celgard 2325 microporous separators and 1.2

M LiPFs in EC:EMC (1:3 v/v) containing 15 wt% FEC and 3 wt% VC as the electrolyte.

7.2.3. Quality control and traceability

To maintain continuity with the BH series investigated in Chapters 4 and 5, all BH-containing
electrodes in this chapter were prepared from the same master batch of BH-T1150-BM020
powder used previously. Commercial graphite and Si powders were taken from single
production batches, and the Si powder was characterised structurally and morphologically prior

to electrode fabrication (Section 7.3.1).

Slurry preparation, coating and cell assembly followed standard operating procedures identical
to those used in Chapter 5, including fixed mixing times, coating thickness and drying
conditions. Each batch of electrodes was labelled by both active-material composition (Gr, BH,
BH50-Si20, BH35-S135, BH20-S150, Gr20-S150, Si) and coating date, and coin-cell lots were
grouped accordingly. This traceability ensures that performance comparisons within this
chapter isolate the effect of composition and Si loading rather than uncontrolled variability in

processing or materials supply.

7.3. Structural comparison

Before analysing the electrochemical data, it is useful to establish the structural baseline of the
BH-T1150-BM020 host and the properties of the commercial Si powder, and then to consider
how these components arrange within the composite electrodes. This section first outlines the
morphology, crystallinity and size distribution of the Si powder, followed by a qualitative
description of how Si is accommodated within the BH and graphite matrices and the

implications for interfacial chemistry.
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7.3.1. Structural baseline: BH-T1150-BM020 host and commercial Si powder

Chapter 4 established that BH-T1150-BM020 consists of a disordered hard-carbon framework
containing finely dispersed silica domains. The carbon matrix displays broad (002) reflections
in XRD and a D/G intensity ratio larger than unity in Raman spectroscopy, consistent with
turbostratic, partially graphitised carbon with a high density of defects and edge sites. Nitrogen
physisorption and t-plot analysis revealed a hierarchical pore network combining micropores
and mesopores, while XPS confirmed the presence of oxygen-containing surface
functionalities and Si present predominantly as SiO--like environments bonded to carbon. This
combination of defective carbon, embedded silica and accessible porosity provides both
mechanical compliance and internal free volume, making BH-T1150-BM020 a suitable

scaffold for accommodating high-capacity alloying phases.

The commercial Si powder employed in this chapter was characterised prior to electrode
fabrication to define its intrinsic morphology and phase composition. Low-magnification SEM
imaging in Fig. 7.2a shows agglomerated, irregularly shaped particles forming a loosely packed
network. Higher-magnification images combined with EDS elemental maps in Fig. 7.2b to 7.2f
reveal that these agglomerates consist of densely packed Si domains coated by a thin
conductive Au layer used for imaging, with only a weak, diffuse O signal. This behaviour is
consistent with crystalline Si particles bearing a native oxide shell of limited thickness rather
than a bulk silica phase. The absence of pronounced compositional inhomogeneity in the Si

maps indicates that the powder is chemically uniform at the micrometre scale.

XRD analysis of the Si powder in Fig. 7.3a displays a series of sharp diffraction peaks at 20 =
28°,47°,56°, 69° and 76°, which match well with the standard pattern of crystalline diamond-
cubic Si. No additional crystalline reflections attributable to SiO: are observed, confirming that
any oxide present is either amorphous or below the detection limit. Dynamic light scattering
(DLS) measurements reported in Fig. 7.3b indicate a broad particle-size distribution
concentrated between approximately 0.3 and 2 um, with a tail extending to around 5 to 6 pum.
These values are larger than the nominal primary particle size specified by the supplier,
reflecting the presence of weakly bound agglomerates in suspension. Overall, the Si powder
can be regarded as a highly crystalline, micron-scale material with modest surface oxidation,
which is expected to deliver high specific capacity but also to undergo substantial volume

change during alloying.
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In combination, the BH-T1150-BM020 host and the crystalline Si powder form a
complementary pair; the BH matrix provides porosity, defect sites and silica domains that can
act as a mechanically compliant and chemically interactive scaffold, while the exogenous Si
contributes a large reservoir of alloying capacity. The challenge for the BH/Si hybrids is to
integrate these components such that Si is effectively utilised without compromising the

structural integrity highlighted for BH-T1150-BM020 in earlier chapters.

Si Kal Au Mal

M, - 1

2.5um f !
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Figure 7.2. SEM and EDS characterisation of the commercial Si powder used in this chapter.
(a) Low-magnification SEM image of Si powder, and (b) to (f) high-magnification SEM image
and corresponding elemental maps for Si Kou, Au Mou (sputter coating) and O Kou.
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Figure 7.3. Structural and size characterisation of the commercial Si powder: (a) XRD pattern
indexed to crystalline Si, showing sharp reflections characteristic of diamond-cubic Si with no
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additional crystalline oxide phases; (b) particle-size distribution obtained by DLS, indicating
a dominant population of sub-micrometre to few-micrometre Si agglomerates.

7.3.2. Morphology and particle architecture as a function of Si loading

The BH/Si composite anodes investigated in this chapter were designed by progressively
replacing BH-T1150-BM020 with the commercial Si powder while maintaining a fixed total
active-material fraction of 70 wt%. As a result, BH50-Si20, BH35-Si35 and BH20-Si50 span
a transition from a BH-dominated scaffold containing isolated Si domains to a Si-rich
architecture in which BH plays a secondary, buffering role. Gr20-Si50 and the Si-only electrode

provide graphite-based and carbon-free comparators at the same Si loading.

In the BH50-Si20 formulation, the BH-derived carbon constitutes the majority of the solid
framework. During slurry casting and drying, the porous BH particles form a continuous,
irregular network, and the Si particles occupy pores and interparticle voids within this matrix.
At this relatively low Si fraction, the silicon domains are expected to be predominantly isolated
or form small clusters attached to the BH surfaces. The resulting architecture combines a
percolated carbon skeleton for electron transport with localised Si reservoirs, leaving sufficient

free volume around each Si cluster for expansion during lithiation.

Increasing the Si fraction to 35 wt% in BH35-Si35 leads to a more interconnected Si network.
The higher probability of Si-Si contacts, assisted by ball milling, promotes the formation of
extended Si agglomerates that remain embedded within the BH matrix rather than forming a
separate continuous phase. In this configuration, BH still provides a continuous backbone and
pore network, but the local volumetric fraction of Si is higher, enhancing theoretical capacity

while modestly reducing the available void space for volume accommodation.

At the highest Si content in BH20-Si50, the morphology tends towards a Si-rich composite in
which the silicon particles are closely packed and BH domains are interspersed between them.
The pre-cycling SEM images of BH20-Si50 in Fig. 7.8a show a relatively open, porous coating,
but with larger bright regions associated with Si-rich clusters embedded in the darker BH
background. The BH fraction in this electrode is sufficient to maintain a continuous carbon

network and to introduce mesopores, yet the reduced BH content means that the
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accommodation of Si expansion relies on more localised voids and the mechanical compliance

of the residual BH framework.

The Gr20-Si50 electrode, which contains the same Si fraction as BH20-Si150 but uses graphite
in place of BH, exhibits a markedly different particle architecture. Before cycling, shown in
Fig. 7.8c, the coating is dominated by stacked, plate-like graphite flakes, with Si particles
distributed between and on top of these lamellae. This arrangement yields a denser, less porous
microstructure with fewer internal voids and a more rigid backbone compared with BH-
containing composites. The pure Si electrode, by contrast, consists largely of agglomerated Si
particles with minimal intrinsic porosity and no continuous carbon scaffold. This morphology
offers limited internal free volume and poor mechanical buffering, which is reflected in the

rapid degradation of its electrochemical performance.

These architectural differences are central to the later electrochemical behaviour. BH-rich
compositions provide a porous, compliant host that can distribute Si throughout the coating
while preserving ion-transport pathways and electronic percolation. As the Si fraction
increases, the local packing of Si becomes tighter and the capacity rises, but the risk of particle
agglomeration, stress accumulation and loss of percolation also grows, particularly in the

graphite-based and Si-only electrodes.

7.3.3. Interfacial chemistry and bonding considerations

The integration of exogenous Si into the BH-derived matrix creates a multi-phase Si/S10./C
environment in which interfacial chemistry plays a key role. Chapter 4 showed that BH-T1150-
BMO020 contains both C—O functionalities and silica-like Si environments, suggesting the
presence of C—O-Si linkages and intimate contact between amorphous SiO: and the hard-
carbon framework. The commercial Si powder introduces additional crystalline Si domains
coated by a thin native SiO: layer. In the hybrids, these components are expected to form a
heterogeneous network of crystalline Si cores, amorphous SiO: shells and BH-derived carbon

and silica.

From a bonding perspective, this structure offers several potential advantages compared with
a simple graphite/Si mixture. First, the presence of silica and oxygenated carbon at the BH/Si

interface can promote stronger chemical adhesion between Si particles and the carbon host via
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Si—O—C bridges, reducing the likelihood of interfacial debonding during repeated volume
changes. Secondly, the native oxide on Si, together with the embedded SiO: in BH, can partially
convert to inorganic Li-O/LicSiOy species upon initial lithiation. Although this process
contributes to irreversible capacity loss, it also generates mechanically robust, inorganic
components within the solid-electrolyte interphase that help to stabilise the Si surface during

subsequent cycling.

Compared with graphite, the BH-derived carbon presents a higher density of defects, edge sites
and heteroatoms, which are known to influence SEI composition and stability. The more polar
BH surface is likely to favour the formation of inorganic-rich SEI layers containing LiF, Li.COs
and Li20, while the higher specific surface area promotes rapid SEI formation during the first
few cycles. In BH/Si hybrids, the SEI therefore forms not only on the external surface of the
composite particles but also within the internal pore network and at Si/BH interfaces. When
the BH fraction is sufficient, the mechanical compliance and porosity of the host help to
accommodate this SEI without catastrophic cracking, leading to the relatively high and stable

Coulombic efficiencies observed for BH50-Si120 and BH35-Si35.

In Si-rich compositions and in the graphite-supported Gr20-Si50 electrode, the interfacial
chemistry is less favourable. The larger, more densely packed Si agglomerates experience
greater local strain during alloying, which can fracture both the native oxide and the SEI,
exposing fresh Si and driving continuous electrolyte decomposition. In the graphite-based
composite, the chemically inert, low-defect graphite surface provides limited anchoring for Si
and its oxide shell, promoting interfacial sliding and crack formation during cycling. This
mechanistic picture is consistent with the more rapid capacity fading, increased polarisation

and pronounced peak broadening observed for Gr20-Si50 and pure Si in Section 7.4.

Overall, the structural and interfacial characteristics outlined in this section provide the
framework for interpreting the electrochemical trends presented later. The BH-derived host not
only distributes and electronically connects the exogenous Si but also offers chemically
interactive, silica-rich interfaces that can stabilise the evolving SEI. The balance between these
beneficial effects and the increasing mechanical and interfacial challenges at high Si loading

underpins the design window for BH/Si anodes that is discussed in Section 7.6.
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7.4. Benchmarking BH/Si1 hybrids against BH and graphite

7.4.1. Cyclic voltammetry

The electrochemical behaviour of the different anodes was first assessed by cyclic voltammetry
(CV), as shown in Fig. 7.4. Each anode exhibits distinct lithiation-delithiation signatures that

reflect its dominant charge-storage mechanism and degree of reversibility.

The CV profile of the graphite anode in Fig. 7.4a displays the characteristic features of Li*
intercalation into graphitic carbon. During the first cathodic sweep, a broad reduction peak
centred at approximately 0.6 to 0.8 V vs Li/Li is observed, which disappears in subsequent
cycles. This feature is associated with the formation of the solid electrolyte interphase (SEI)
arising from reductive decomposition of the electrolyte components on the graphite surface.!
Its absence in later cycles indicates the establishment of a passivating SEI layer that stabilises
the electrode-electrolyte interface and accounts for a substantial fraction of the initial
irreversible capacity loss in graphite anodes. As the potential decreases further, a sharp cathodic
peak below about 0.25 V vs Li*/Li appears, corresponding to stage-wise Li* intercalation into
the graphite galleries and eventual formation of LiCs. On the anodic sweep, a narrow peak at
~0.2 to 0.25 V vs Li*/Li is recorded, associated with LiCs deintercalation.* > The symmetry
and reproducibility of these intercalation-deintercalation peaks over the second and third cycles
confirm highly reversible Li storage and low polarisation, consistent with an ordered graphitic
structure and effective SEI passivation, in agreement with the graphite benchmark behaviour

discussed in Chapter 6.

In contrast, the BH anode in Fig. 7.4b, corresponding to the BH-T1150-BM020 material
introduced in Chapters 4 and 5, exhibits a CV response typical of disordered hard carbon. The
first cathodic sweep displays a broad hump extending from ~1.0 to 0.2 V vs Li*/Li, which is
attributed to surface-controlled storage processes, including SEI formation, Li* adsorption at
defect sites, and interactions with surface functional groups and residual silica phases.[®! A
subtle shoulder around 0.4 to 0.6 V vs Li'/Li likely reflects partial reduction of surface oxygen-
containing moieties and contributions from the embedded SiO. domains. Below ~0.2 V vs
Li*/Li, the cathodic current increases gradually in a sloping manner, indicative of Li* insertion
into nanopores and highly disordered carbon domains rather than stage transitions. On the
anodic sweep, a broad feature between ~0.2 and 0.5 V vs Li*/Li develops and stabilises after
the first cycle, signalling improved interfacial kinetics and a more mature SEI from cycle 2

onwards, consistent with the behaviour previously reported for hard-carbon systems.!” 8
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Introducing silicon into the BH matrix leads to a systematic evolution in CV features shown in
Fig. 7.4c to 7.4e. For the BH50-Si20 hybrid in Fig. 7.4c, which contains the lowest Si fraction,
the CV retains much of the broad BH-like lithiation signature, yet a new cathodic peak emerges
below 0.1 V vs Li*/Li. This low-potential peak is characteristic of alloying between Si and Li
to form LixSi, confirming that the silicon component is electrochemically active.””) The
accompanying anodic response remains relatively broad, indicating that the BH framework
continues to dominate the interfacial behaviour and provides a buffered environment for Si

alloying.

As the Si content increases to 35 and 50 wt% in BH35-Si35 and BH20-Si50 in Fig. 7.4d and
(e), respectively, the intensity of the sharp lithiation peak below 0.1 V vs Li*/Li rises markedly,
while the anodic scan develops pronounced features in the 0.35 to 0.55 V vs Li*/Li range. These
peaks correspond to stepwise dealloying of LixSi phases. At the same time, the underlying BH
contribution remains evident as broad current responses between ~0.2 and 0.6 V vs Li*/Li,
indicating that both the hard-carbon host and the Si inclusions remain electrochemically active.
This overlapping behaviour suggests that the BH matrix continues to modulate local volume
changes and charge distribution during cycling. Notably, the cathodic and anodic peaks in
BH35-Si135 are sharper and more clearly defined than in BH50-Si20, indicating improved Si
utilisation while retaining sufficient BH content to maintain structural buffering and cycling

stability.

The graphite/silicon composite Gr20-Si50 in Fig. 7.4f, which has the same Si content as BH20-
S150, exhibits similarly sharp alloying peaks below 0.1 V and above ~0.4 V vs Li*/Li, but with
more pronounced peak separation and asymmetry, particularly in the first cycle. The larger
spacing between cathodic and anodic peaks signifies higher overpotential and poorer reaction
reversibility. This behaviour suggests that graphite is less effective than the BH matrix in
stabilising the Si network, consistent with its lower porosity and reduced mechanical
compliance. The denser graphite structure is more susceptible to interfacial stress and SEI
breakdown under repeated Si expansion and contraction, which foreshadows the inferior long-

term cycling performance of Gr20-Si50 relative to the BH/Si hybrids.

Finally, the pure Si anode in Fig. 7.4g displays the most intense and narrow lithiation peak
below 0.1 V vs Li*/Li and steep dealloying peaks between approximately 0.35 and 0.55 V vs
Li*/Li, reflecting the high specific capacity of crystalline silicon. However, the rapid decrease

in current intensity and the noticeable shift of these peaks over subsequent cycles indicate

147



extensive SEI growth, electrode cracking and Li trapping, all of which are well-known

limitations of Si-based anodes.['”) Compared with this unstable baseline, the BH/Si hybrid

electrodes exhibit a more gradual and stabilised electrochemical response, with BH35-Si35 in

particular providing a favourable compromise between capacity, reversibility and kinetic

accessibility.
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Figure 7.4. CV curves of (a) graphite labelled as Gr, (b) pure barley husk labelled as BH, (c)
BH50-Si20, (d) BH35-Si35, (e) BH20-Si50, (f) Gr20-Si50, and (g) pure silicon labelled as Si
anodes recorded at a scan rate of 0.2 mVs™ in the voltage range of 3.0 to 0.01 V vs Li*/Li

during the first three cycles.
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7.4.2. Galvanostatic voltage profiles

Galvanostatic charge-discharge profiles at C/5 for the first and third cycles are presented in
Fig. 7.5. The graphite anode, labelled as Gr in Fig. 7.5a, exhibits the expected behaviour of a
conventional intercalation host, with a flat lithiation plateau below 0.2 V vs Li*/Li and a sharp
delithiation plateau centred at ~0.25 V vs Li*/Li. The small voltage hysteresis of ~0.07 V and
the highly reproducible profile between the first and third cycles reflect efficient charge transfer
and structurally reversible Li* intercalation. This is consistent with the limited irreversible
capacity loss (~11 %) and an initial Coulombic efficiency (ICE) of ~89 %, in agreement with

the graphite benchmark in Chapter 6.

The pure barley husk anode, labelled as BH, corresponding to BH-T1150-BM020 shown in Fig.
7.5b shows a markedly different response. The voltage profile is fully sloping, extending from
0.01 to approximately 1.0 V vs Li*/Li without distinct plateaus. This behaviour mirrors the
broad features observed in the CV response for BH and reflects Li storage dominated by surface
adsorption, defect trapping and pore filling within the disordered carbon-silica framework. The
relatively low ICE of ~60 % and the absence of sharp redox plateaus indicate substantial initial
SEI formation and predominately capacitive storage, typical of hard-carbon-type materials

discussed in Chapter 5.

Upon incorporation of exogenous Si, the BH/Si hybrids reveal a progressive evolution of the
voltage profiles. The BH50-Si20 composite shown in Fig. 7.5¢ largely retains the sloping BH
background but begins to display a weak lithiation plateau near 0.1 V vs Li*/Li, signalling
partial activation of the Si phase. As the Si fraction increases in BH35-S135 and BH20-Si150,
shown in Fig. 7.5d and 7.5e, respectively, well-defined plateaus emerge below 0.1 V vs Li*/Li
during lithiation together with broadened delithiation features between 0.35 and 0.55 V vs
Li*/Li. These signatures are characteristic of LixSi alloying and dealloying superimposed on
the BH hard-carbon contribution. Among the hybrids, BH35-Si35 achieves a particularly
balanced behaviour, combining a high ICE of ~87 % with moderate hysteresis (~0.12 V vs
Li*/Li), which suggests effective Si utilisation while maintaining the mechanical buffering and
porosity of the BH host. For BH20-Si50, the further increase in Si content substantially boosts
capacity but is accompanied by increased polarisation and a modest reduction in early-cycle
Coulombic efficiency (~80 %), indicating higher kinetic and interfacial penalties at elevated Si

loading.
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The graphite/silicon composite Gr20-Si50 in Fig. 7.5f also displays pronounced lithiation-
delithiation plateaus originating from the Si component; however, the associated hysteresis
(~0.18 V vs Li*/Li) is larger than in BH20-Si50. This greater overpotential, together with the
sharper profile, points to more sluggish reaction kinetics and higher interfacial stress, consistent
with the limited ability of the dense graphite framework to accommodate Si expansion. These
observations align with the broader CV peak separation reported for Gr/Si systems and
foreshadow the poorer long-term capacity retention of Gr20-Si50 compared with BH/Si

composites.

Pure Si, Fig. 7.5g delivers the steepest and most well-defined alloying plateaus, reflecting its
intrinsically high gravimetric capacity. However, this is achieved at the expense of stability:
the ICE is only ~72 %, and the capacity declines sharply by the third cycle. The rapid loss in
reversible capacity highlights extensive SEI growth, mechanical fracture and Li trapping in the
unstable Si network. The overlaid profiles in Fig. 7.5h and 7.5k summarise the continuum of
behaviours: Gr and BH provide stable but moderate-capacity responses at either end of the
spectrum; pure Si offers very high but rapidly fading capacity; and the BH/Si hybrids, with
BH35-Si135 particularly notable, deliver an intermediate regime where enhanced capacity is
achieved with substantially improved reversibility and reduced hysteresis. This establishes the
BH host as an effective structural and electrochemical buffer for Si, outperforming the

equivalent graphite/Si formulation in early-cycle performance.
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Figure 7.5. Galvanostatic charge-discharge voltage profiles of a) graphite (Gr), b) pure barley
husk (BH), ¢) BH50-Si20, d) BH35-Si35, e) BH20-Si50, f) Gr20-Si50, and g) pure silicon (Si)
anodes at a current rate of C/5, showing the 1°" and 3 cycles. h) and k) comparative overlays
of all anode types in the I*' and 3" cycles, respectively. All profiles are recorded within the
voltage range of 0.01 to 3.0 V vs Li*/Li.

7.4.3. Cycling stability, rate capability and capacity retention

Fig. 7.6 summarises the cycling stability and rate capability of the different anode formulations
and reinforces the mechanistic trends inferred from the CV and voltage profiles (Sections 7.4.1
and 7.4.2). At a constant current of C/5 as shown in Fig. 7.6a, the graphite and BH electrodes
deliver stable yet moderate capacities of approximately 350 and 380 mAh g™', respectively,
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consistent with their structural characteristics and theoretical limits. The slightly higher
capacity of BH compared with graphite reflects additional Li storage associated with defects
and micro -or mesoporosity in the BH-derived hard carbon, in agreement with its sloping
voltage profile and broad CV features. Both Gr and BH maintain more than 95 % of their initial
capacities over 50 cycles, confirming minimal volumetric strain and a well-stabilised SEI, in

line with their negligible alloying contributions.

Upon incorporation of Si, the BH/Si hybrid anodes exhibit a clear increase in deliverable
capacity. After 50 cycles at C/5, BH50-Si20 reaches ~670 mAh g!, BH35-Si35 achieves ~880
mAh g™ and BH20-Si50 attains ~1180 mAh g'. Despite the progressive increase in Si content,
all BH/Si composites show relatively smooth capacity decay without abrupt failures, indicating
that the BH matrix effectively mitigates Si volume expansion and maintains electrical
connectivity. This behaviour compares favourably with several recently reported biomass-
derived Si/C anodes prepared by simple mechanical blending, which commonly suffer from
rapid capacity loss due to insufficient buffering of Si pulverisation.!!!: 12! In direct contrast, the
Gr20-Si50 composite, which contains the same Si loading as BH20-Si50, displays a noticeably
faster decline in capacity (from ~960 to ~880 mAh g' over 50 cycles), indicating that graphite
is less effective than BH as a mechanical and structural buffer. The performance of the pure Si
electrode further highlights this limitation: although the initial capacity exceeds 2400 mAh g*,
it falls below 200 mAh g by cycle 50, evidencing severe structural degradation and unstable

interfacial chemistry.

The Coulombic efficiency (CE) profiles in Fig. 7.6b provide additional insight into SEI
formation and interfacial stability. All anodes reach CE values above 98 % within the first ten
cycles, indicating that SEI growth becomes largely self-limiting after the initial formation
period. Graphite and BH stabilise most rapidly, reflecting their relatively mild interfacial
reactivity. The BH/Si hybrids display a slightly slower approach to steady-state CE, consistent
with the increased surface activity and repeated volume changes associated with Si. Among the
composites, BH35-Si35 stands out, achieving CE values above 99 % by approximately the 15™
cycle and maintaining them thereafter, which indicates a good balance between high capacity

and interfacial stability.

Rate performance data plotted in Fig. 7.6¢ further differentiate the anodes under dynamically
varying current loads. Across all tested C-rates, BH20-Si150 delivers the highest capacities,

retaining around 950 mAh g even at 2C and recovering almost fully when the current is
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returned to C/10. BH35-Si35 and BHS50-Si20 follow with intermediate capacities
(approximately 820 and 650 mAh g' at 1C, respectively), but all BH/Si hybrids display strong
rate tolerance and excellent capacity recovery. These trends indicate robust structural integrity
and relatively fast Li* transport within the BH-Si architecture, in agreement with the mixed
hard-carbon/alloying mechanism inferred from CV and voltage profiles. Gr20-Si50, in
contrast, shows reduced rate capability, particularly at high C-rates, which reflects the
combination of diffusion-limited graphite intercalation and mechanically constrained Si

alloying.

Long-term cycling at C/5 over 500 cycles depicted in Fig. 7.6d highlights the intrinsic stability
differences more clearly. The pure Si anode loses usable capacity within only a few cycles,
confirming extensive mechanical failure and continuous SEI regeneration. Graphite
demonstrates excellent durability, retaining 96.6, 94.4, 90.9, 87.7 and 84.6 % of its initial
capacity after 100, 200, 300, 400 and 500 cycles, respectively. The BH anode shows similarly
robust behaviour, with corresponding retention values of 97.9, 96.4, 93.9, 88.0 and 80.8 %,
again consistent with the mechanically stable, non-alloying nature of the BH-derived hard

carbon.

For the BH/Si hybrids, increasing Si content leads to the expected trade-off between capacity
and long-term retention. BH50-Si20 exhibits particularly stable cycling, maintaining 97.6,
90.3, 87.2, 82.7 and 78.1 % of its initial capacity at 100, 200, 300, 400 and 500 cycles,
respectively. BH35-Si35 shows slightly lower but still strong retention of 89.0, 84.1, 79.9, 77.5
and 72.9 % at the same intervals, which is notable given its higher Si loading and increased
initial capacity. BH20-Si50, with the largest Si fraction, unsurprisingly displays the most
pronounced capacity fade among the BH-Si composites, yet still preserves 86.3, 80.5, 75.6,
71.3 and 65.8 % of its initial capacity up to 500 cycles. These results confirm that the BH host
continues to provide effective buffering even at substantial Si contents. In sharp contrast, the
Gr20-Si50 composite undergoes rapid deterioration, retaining only 67.6, 49.8, 33.2, 17.2 and
finally 2.4 % of its initial capacity at the same cycle numbers. The severe decay underscores
the inability of the graphite matrix to accommodate repeated Si expansion and contraction

without losing structural integrity.

Taken together, these data demonstrate that BH/Si hybrid anodes combine high capacity with
good rate capability and extended cycling stability. Among the formulations examined, BH35-

Si35 emerges as a particularly attractive compromise, offering significantly higher capacity
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than pure BH and graphite while maintaining stable Coulombic efficiency and long-term

capacity retention under practically relevant cycling conditions.
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Figure 7.6. (a) Cycling performance of all anodes at a current rate of C/5 over 50 cycles, (b)
Corresponding Coulombic efficiency profiles during cycling, (c) Rate capability of selected
anodes evaluated across multiple current densities (C/10 to 2C) and returned to C/10, and (d)
Long-term cycling performance of all anodes over 500 charge-discharge cycles.

7.4.4. Differential capacity analysis and Li-storage mechanisms

The differential capacity (dQ/dV) plots in Fig. 7.7 provide further insight into the redox
mechanisms and their evolution during cycling by resolving the lithiation and delithiation
processes as a function of potential. For the graphite anode depicted in Fig. 7.7a, sharp and
well-defined cathodic and anodic peaks are observed at ~0.1 V and ~0.25 V vs Li"/Li,
respectively, corresponding to the reversible staging transitions between graphite and LiCe. The

peak positions and intensities remain almost unchanged up to the 50" cycle, confirming highly
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reversible intercalation, limited polarisation growth and minimal structural degradation,

consistent with the stable CV and galvanostatic profiles described in Sections 7.4.1 and 7.4.2.

In contrast, the BH anode in Fig. 7.7b exhibits broad and diffuse dQ/dV signatures. Cathodic
activity spans a wide potential window from ~1.0 to 0.1 V vs Li*/Li, while the corresponding
anodic response extends from ~0.1 to 0.6 V vs Li*/Li. These wide features are characteristic of
pseudocapacitive and diffusion-limited Li* storage in disordered carbon domains and confined
pores rather than discrete phase transitions. The shape of the curves remains relatively stable
from the third to the fiftieth cycle, indicating that once the initial SEI is formed, the BH-derived

hard-carbon framework maintains good structural and interfacial stability.

For the BH/Si hybrid anodes, the dQ/dV profiles reveal the progressive contribution of Si
alloying to the overall redox behaviour. BH50-Si20 in Fig. 7.7¢ displays a combination of the
broad BH-related background and emerging sharp peaks at ~0.05 V on lithiation and ~0.4 to
0.5 V vs Li*/Li on delithiation, characteristic of LixSi alloying-dealloying reactions. These Si-
related peaks increase in intensity with higher Si content in BH35-Si35 and BH20-Si50 in Fig.
7.7d and 7.7e, becoming more pronounced and better defined while still superimposed on the
underlying BH contribution. The hybrid systems retain relatively stable peak positions up to
the 50" cycle, indicating that the alloying reactions remain accessible despite repeated volume
changes. Among them, BH35-Si35 shows the least peak broadening or shift over time,
signalling a favourable balance between reaction kinetics and mechanical integrity. BH20-Si50
begins to exhibit slight peak smearing and reduced sharpness by cycle 50, suggesting moderate

polarisation growth associated with the higher Si loading and increased mechanical stress.

The Gr20-Si50 composite shown in Fig. 7.7f, which contains the same Si fraction as BH20-
S150 but uses graphite as the host, shows more pronounced peak distortion and broadening with
cycling, especially in the anodic region. The progressive loss of peak definition indicates poorer
structural accommodation of Si and increasing instability at the graphite-Si interface. These
features align with the larger voltage hysteresis and faster capacity fade observed for Gr20-
S150 in Sections 7.4.2 and 7.4.3, and reinforce the conclusion that graphite is a less effective

buffer for Si expansion than the BH-derived hard carbon.

The pure Si anode in Fig. 7.7g initially presents the most intense and narrow alloying peaks,
with steep lithiation and delithiation features associated with multi-step LixSi transformations.
However, these peaks decay rapidly, broaden and decrease markedly in height by the 50" cycle,

pointing to extensive SEI reformation, progressive loss of electrical contact and Li trapping
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within fractured Si domains. This behaviour is fully consistent with the rapid capacity loss and

relatively low Coulombic efficiency previously observed.

Overall, the dQ/dV analysis confirms that the BH-derived hard-carbon host plays a critical role
in stabilising Si redox activity. By providing a compliant, porous matrix, BH suppresses severe
peak distortion and polarisation growth that are otherwise evident in graphite-Si and pure Si
electrodes. Among the BH/Si hybrids, BH35-Si35 exhibits the most stable and well-defined
differential capacity signatures over 50 cycles, supporting its identification as an optimal

compromise between high alloying capacity and robust structural buffering.
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Figure 7.7. Differential capacity (dQ/dV) plots of (a) graphite, (b) barley husk, (c) BH50-Si20,
(d) BH35-Si35, (e) BH20-Si50, (f) Gr20-Si50, and (g) silicon anodes recorded at a current rate
of C/5 over selected cycles (1°, 2", 3" 10" and 50™).

156



7.4.5. Post-mortem SEM

Post-mortem SEM analysis was carried out on BH20-Si50 and Gr20-Si50 anodes before
cycling and after 100 cycles at C/5 in order to correlate the electrochemical behaviour with
morphological evolution and is depicted in Fig. 7.8. Prior to cycling, both electrodes exhibit
relatively homogeneous distributions of active particles within the composite coating, but with
clearly different architectures. BH20-Si50 displays a highly porous, irregular network
characteristic of biomass-derived carbon, into which Si particles are embedded and
interconnected. In contrast, Gr20-Si50 shows smoother, plate-like graphite domains with Si
particles dispersed between more compact flakes, producing a denser and less compliant

microstructure.

After 100 cycles, the BH20-Si50 electrode largely preserves its porous framework. The overall
morphology remains continuous, with only limited particle fragmentation and moderate
surface roughening visible in local regions. The maintenance of this percolated, void-rich
structure supports the notion that the BH matrix can effectively accommodate the repeated
expansion and contraction of Si during alloying/dealloying, thereby sustaining electrical
contact and ion-transport pathways. This observation is consistent with the relatively high
capacity retention and stable differential-capacity features reported for BH20-S150 in Sections

7.4.3 and 7.4.4.

In sharp contrast, the Gr20-Si50 electrode exhibits pronounced structural degradation after 100
cycles. Extensive cracking of the composite layer, pulverisation of active particles and a near-
complete loss of the original flake-like morphology are evident. Large isolated fragments and
gaps appear within the electrode, indicating loss of percolation and severe disruption of both
electronic and ionic transport paths. This morphological breakdown directly correlates with the
rapid capacity fading, increased hysteresis and peak broadening observed electrochemically
for Gr20-Si50, and highlights the inability of the relatively rigid graphite scaffold to buffer Si
volume changes. Taken together, the post-mortem SEM results provide direct visual evidence
that the BH-derived carbon matrix offers a more mechanically tolerant and structurally resilient
host for Si than graphite, underpinning the superior long-term cycling performance of BH/Si

hybrids.
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Figure 7.8. SEM images of BH20-Si50 anode (a) before cycling and (b) after 100 cycles, and
Gr20-Si50 anode (c) before cycling and (d) after 100 cycles, all cycled at C/5.

7.5. Full-cell performance of BH/Si hybrids

7.5.1. NMC622 cathode baseline

To enable a meaningful assessment of BH/Si anodes under practical conditions, a well-
characterised cathode baseline is required. LiNio.sMno.2C00.202 (NMC622) was selected as the
cathode owing to its established combination of high specific capacity, structural robustness
and commercial relevance. The choice of NMC622 was intended to provide a demanding and
industrially relevant benchmark for evaluating the full-cell behaviour of the BH/Si anode,
rather than to identify the most sustainable cathode chemistry. In the context of this thesis, the
sustainability focus lies primarily in the development of a biomass-derived anode from barley
husk, while the use of a commercially established cathode allows the effect of the anode design
on full-cell energy density and cycling behaviour to be assessed under realistic Li-ion

conditions.
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The cathode performance was first examined in half-cell configuration against Li metal, and
the results are summarised in Fig. 7.9. The galvanostatic profiles at C/5 for the 1% and 50%
cycles as shown in Fig. 7.9a exhibit the typical response of layered oxide cathodes, with a
gently sloping curve and a pronounced plateau centred around 3.8 V vs Li*/Li associated with
reversible Li* intercalation and deintercalation within the NMC structure. The near overlap of
the 1% and 50" cycle profiles indicates limited polarisation growth and good structural stability
during extended cycling. Correspondingly, the cycling data in Fig. 7.9b show a capacity
retention of approximately 92 % after 50 cycles at C/5, accompanied by a Coulombic efficiency
that rapidly approaches and remains close to 100 %. These features confirm fast interfacial

kinetics and a largely self-limited SEI on the cathode side.

Rate capability tests in Fig. 7.9c and 7.9d further highlight the reliable kinetics of NMC622.
The voltage profiles remain smooth and well defined as the current rate is increased from C/10
to 2C, and the cathode retains around 82 % of its C/10 capacity at 2C. When the current is
returned to C/10, the capacity is essentially restored, demonstrating excellent structural

reversibility and negligible irreversible damage under the applied rate protocol.

Overall, the half-cell results establish NMC622 as a stable, high-performing cathode with
suitable rate response and cycling retention for pairing with high-capacity anodes. This
behaviour provides a robust reference for subsequent full-cell tests with BH20-Si50 and

underpins the interpretation of anode-limited performance in Section 7.5.2.
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Figure 7.9. Electrochemical performance of NMC622 in half-cell configuration; (a) Voltage
profiles at I*' and 50" cycles at C/5 current, (b) Cycling stability and Coulombic efficiency at

C/5 current, (c) Voltage profiles at various rates from C/10 to 2C, and (d) Rate capability and
capacity recovery.

7.5.2. BH20-S150 // NMC622 full-cell performance

The practical applicability of the BH20-Si50 composite anode was evaluated in full cells paired
with the NMC622 cathode. Representative charge-discharge profiles for the 1t and 100" cycles
at C/5 are shown in Fig. 7.10a. The cell exhibits a predominantly sloping voltage response with
a distinct discharge plateau near 3.6 V, characteristic of layered oxide cathodes operating
against a mixed hard-carbon/alloying anode. A gradual increase in polarisation is observed
between the 1% and 100" cycles, indicating modest resistance growth and progressive
interfacial evolution on one or both electrodes, but without significant distortion of the overall

profile.

The cycling performance at C/5 is summarised in Fig. 7.10b. Based on the cathode mass, the
full cell delivers an initial discharge capacity of 165 mAh g with a high initial Coulombic
efficiency of 98.3 %. After 100 cycles, the discharge capacity remains at 147 mAh g,
corresponding to a capacity retention of 89 %, while the Coulombic efficiency stabilises at
approximately 99.5 %. These data demonstrate efficient utilisation of both electrodes, limited
ongoing side reactions and effective SEI passivation over prolonged cycling, in line with the

stable behaviour of the individual NMC622 and BH20-Si50 half-cells.
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Fig. 7.10c and 7.10d present the rate performance of the BH20-Si50 // NMC622 full cell. The
voltage profiles remain well defined as the current is increased from C/10 to 2C, although
increased polarisation and shortened plateaus are evident at higher rates. The cell retains close
to 160 mAh g up to 1C, corresponding to a rate capability of about 90 % relative to C/10, and
shows good capacity recovery when the current is returned to C/10, indicating that no
significant irreversible structural damage occurs during high-rate cycling. At 2C, the capacity
decreases to 113 mAh g' (approximately 63 % of the C/10 value), reflecting increasing kinetic
limitations and interfacial polarisation across the electrodes and electrolyte under more

demanding conditions.

Based on the combined mass of active materials and electrolyte, the gravimetric energy density
of the full cell is estimated to be 385, 373, 361, 344 and 245 Wh kg at C/10, C/5, C/3, 1C and
2C, respectively. These values compare favourably with typical graphite//NMC systems and
can be attributed to the enhanced anode-side capacity provided by the Si incorporated within
the BH-derived carbon matrix. The BH host affords mechanical buffering and maintains
electrical connectivity around the Si domains, mitigating particle disintegration and preserving
reversible capacity during extended cycling. Overall, the full-cell data confirm that BH20-Si50
is electrochemically compatible with high-voltage NMC622 cathodes and demonstrate its

feasibility as a high-energy-density anode in practical Li-ion full-cell architectures.
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Figure 7.10. Electrochemical performance of the BH20-Si50 // NMC622 full cell. (a) Charge-
discharge voltage profiles at the 1" and 100" cycles, (b) cycling stability and Coulombic
efficiency over 100 cycles at C/5, (c) Voltage profiles at varying current densities from C/10 to
2C, and (d) Rate capability and capacity recovery.

7.6. Design window for Si incorporation in BH-derived anodes

The results above show that introducing exogenous Si into the BH-T1150-BM020 host
produces a family of Si/SiO»/C hybrids that span a wide range of capacities, efficiencies and
stabilities. Increasing Si content systematically boosts gravimetric capacity, but also modifies
ICE, rate performance and long-term retention through changes in SEI formation, alloying
behaviour and mechanical stress. This section integrates the half-cell, full-cell and post-mortem
data to outline a practical design window for Si loading in BH-derived anodes and to position

the BH/S1 hybrids relative to both the pure BH benchmark and a standard graphite anode.

7.6.1. Trade-off between Si content, ICE and reversible capacity

The half-cell data in Sections 7.4.1 to 7.4.4 reveal a clear capacity-efficiency trade-off as the
Si fraction in the BH matrix is increased. At one extreme, pure BH (BH-T1150-BM020)
behaves as a typical hard-carbon-type anode, with a moderate initial capacity (~380 mAh g
at C/5) and relatively low ICE (~60 %), limited mainly by SEI formation and the partial

irreversibility of reactions involving the embedded SiO. domains. The graphite anode, by
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contrast, delivers a slightly lower capacity (~350 mAh g') but a much higher ICE (~89 %),

due to its well-defined intercalation mechanism and the formation of a thin, stable SEI.

Incorporating Si into the BH host substantially increases reversible capacity, but the initial
efficiency reflects a balance between additional alloying capacity and extra irreversible
processes. The Si-rich hybrid BH20-Si50 achieves the highest reversible capacity in the series
(~1180 mAh g after 50 cycles at C/5), supported by strong alloying peaks and pronounced
plateaus in both the voltage and dQ/dV profiles. However, its ICE is reduced to around 80 %,
reflecting larger irreversible Li loss during the first cycle, associated with extensive SEI growth
on the enlarged surface area and the formation of Li»O/Li-silicate phases at partially oxidised

Si sites.

The more balanced hybrids, BH35-Si35 and BH50-Si20, occupy intermediate positions. BH35-
Si35 combines a high reversible capacity (~880 mAh g at C/5) with an ICE of ~87 %,
approaching that of graphite while more than doubling its capacity. BH50-Si20 offers a smaller
capacity gain (~670 mAh g™') but retains particularly strong capacity retention over 500 cycles,
reflecting a more conservative Si loading and a BH-dominant microstructure. In all cases, the
BH matrix reduces the severity of the ICE penalty relative to pure Si (ICE ~72 %), by
distributing Si within a porous carbon network, lowering local current density and stabilising

SEI formation.

The long-term cycling data highlight how this initial trade-off propagates over time. Capacity
retention over 500 cycles decreases systematically from BH50-Si20 to BH35-S135 to BH20-
Si50, mirroring the increasing Si fraction and associated mechanical strain. BH50-Si20
approaches the retention of pure BH, BH35-Si35 sustains ~70 to 75 % of its initial capacity,
and BH20-S150 remains above ~65 %, still far superior to the graphite-supported Gr20-Si50
and pure Si electrodes, which lose most of their capacity. These trends define a practical design
envelope: Si contents around 20 to 35 wt% in the composite (BH50-Si20 and BH35-Si35) yield
a favourable compromise between elevated capacity, acceptable ICE and robust long-term
stability, whereas higher Si fractions move the system towards maximum capacity at the

expense of cycle life.
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7.6.2. Balancing performance

Rate-performance measurements in Section 7.4.3, combined with the impedance and diffusion
analysis framework established for BH-T1150-BM020 in Chapter 5, provide guidance on how
Si loading affects kinetic accessibility. Pure graphite is known to operate via a diffusion-limited
intercalation mechanism, which is reflected in its modest rate capability and small but
noticeable capacity loss at high C-rates. The optimised BH-T1150-BM020 anode, by contrast,
benefits from a more open, disordered structure; EIS in Chapter 5 showed low charge-transfer
resistance and the highest apparent Li* diffusion coefficient among the BH series, which

supports its superior rate retention.

The BH/Si hybrids inherit the favourable transport characteristics of the BH host while
introducing additional alloying kinetics from the Si component. At moderate Si loadings
(BH50-Si20 and BH35-Si35), the rate capability remains excellent: both electrodes retain a
large fraction of their C/10 capacity at 1C and show nearly full capacity recovery when returned
to C/10. The smooth voltage profiles and relatively stable dQ/dV peaks over cycling indicate
that the BH framework provides continuous ion and electron pathways and prevents severe
contact loss around Si particles. In this Si range, any increase in interfacial resistance or
diffusion path length introduced by alloying is effectively offset by the high surface area and

mesoporous network of the BH matrix, which promotes rapid Li* access.

For BH20-Si50, the higher Si fraction further raises capacity and, remarkably, this electrode
still maintains ~950 mAh g' at 2C, indicating that the composite remains kinetically accessible
even under aggressive rates. Nevertheless, the larger polarisation observed in its voltage
profiles, together with slight peak smearing in dQ/dV by the 50" cycle, suggests growing
contributions from charge-transfer and diffusion limitations as cycling progresses. In design
terms, this behaviour marks the upper end of the practical Si window for applications where
high-rate operation is important. Above this level, one would expect the combined effects of
thicker SEI, increased alloying overpotential and longer diffusion pathways through the

evolving Si/SEI microstructure to erode rate capability and accelerate capacity fade.

A useful contrast is provided by the Gr20-Si50 composite. Despite having the same Si content
as BH20-Si150, it exhibits noticeably poorer rate tolerance and much faster capacity decay. The
voltage, dQ/dV and SEM analyses indicate that the layered graphite scaffold is less able to
accommodate Si expansion, leading to crack formation, loss of electrical percolation and

progressive impedance growth. In kinetic terms, this means that the nominally high-capacity
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Si fraction becomes increasingly inaccessible at high current densities. The BH/Si hybrids, in
particular BH35-Si35, therefore occupy a region of composition space where alloying capacity
is significantly enhanced while the underlying transport properties remain close to those of the

optimised BH host.

7.6.3. Positioning BH/Si hybrids relative to BH-T1150-BM020 and graphite

Chapters 5 and 6 established BH-T1150-BM020 and a commercial graphite anode as two
complementary baselines: graphite providing high ICE, low hysteresis and industrially proven
stability, and BH-T1150-BM020 offering higher capacity and excellent rate performance
derived from a tunable biomass precursor. The BH/Si hybrids developed in this chapter can
now be positioned between and beyond these baselines in a combined capacity-stability-

complexity space.

Relative to pure BH, adding Si increases processing complexity only modestly, as it relies on
mixing pre-optimised BH-T1150-BM020 with commercial Si rather than introducing new
synthetic steps. The payoff is substantial: even the BH50-Si20 composition provides a
significant capacity uplift while preserving BH-like cycling stability over hundreds of cycles.
BH35-S135 further extends this advantage, delivering more than double the capacity of graphite
and BH at comparable C-rates, with ICE and long-term retention that remain compatible with
practical device requirements. From the perspective of Chapter 5, where BH-T1150-BM020
emerged as the optimum within the BH-only parameter space, BH35-Si35 can be seen as the
next “tier” of performance when Si is incorporated while still maintaining the favourable

characteristics of the BH host.

BH20-S150 occupies a more aggressive design point. It offers the highest gravimetric capacity
and the strongest rate capability among the BH-Si hybrids, and supports full-cell energy
densities up to ~385 Wh kg at C/10 when paired with NMC622. However, it also shows the
largest capacity fade within the BH-Si family and more pronounced polarisation growth,
reflecting the increasing difficulty of mechanically and electrochemically stabilising a Si-rich
network. In applications where peak energy density is prioritised over extreme cycle life,
BH20-Si50 represents a viable high-capacity option; where extended durability is critical,
BH35-Si35 or even BH50-S120 may be more appropriate choices.
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Compared with graphite, all BH/Si hybrids deliver substantially higher capacities and full-cell
energy densities, while maintaining acceptable ICE and Coulombic efficiency after formation.
Graphite still provides the narrowest voltage hysteresis and the most straightforward
intercalation mechanism, but its inability to buffer large Si volume changes is evident from the
rapid degradation of Gr20-Si50. The BH-derived host, by contrast, combines structural
compliance, mesoporosity and a mixed storage mechanism that is inherently more compatible

with alloying-type additives.

In summary, the combined structural, electrochemical and full-cell results identify a practical
design window for Si incorporation into BH-derived anodes. Si fractions of roughly 20 to 35
wt% in the BH/Si composite maximise the benefits of alloying while keeping ICE, rate
performance and long-term stability within acceptable bounds. Within this window, BH35-S135
stands out as a particularly well-balanced formulation, providing a strong basis for further
optimisation and scaling of BH-derived Si/Si0/C hybrids as next-generation anodes for high-

energy Li-ion batteries.

7.7. Conclusion

This chapter explored the incorporation of commercial silicon into an optimised barley-husk-
derived silica-carbon host to create high-capacity BH/Si hybrid anodes. Using a common
electrode formulation and test protocol, the hybrids were benchmarked against both pure BH-
T1150-BMO020 and commercial graphite, combining structural characterisation with half-cell

and full-cell electrochemical evaluation.

Structural analysis showed that the BH host provides a disordered hard-carbon framework with
embedded silica and a hierarchical pore network, whereas the Si additive consists of crystalline
particles coated by a thin native SiO: layer. Within the hybrids, these components form a
heterogeneous Si/SiO>/C architecture in which Si agglomerates are distributed throughout the
BH matrix. The presence of silica-rich interfaces and oxygenated carbon at the BH-Si boundary
is expected to promote stronger interfacial adhesion and to contribute inorganic species to the
SEI during initial lithiation, partially mitigating the mechanical and chemical instability

typically observed in Si-only electrodes.
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Electrochemical measurements revealed a clear composition-dependent trade-off between
reversible capacity, ICE and long-term stability. Relative to pure BH and graphite, all BH/Si
hybrids delivered substantially higher capacities, with BH35-Si35 and BH20-Si50 in particular
surpassing 800 to 1100 mAh g at C/5 while maintaining acceptable ICE values. Increasing Si
content led to progressively larger irreversible losses on the first cycle and to enhanced capacity
fade on extended cycling, but the BH host significantly moderated these penalties compared
with a graphite-supported Si composite and with pure Si. Rate capability tests further showed
that moderate Si loadings could be accommodated without severe kinetic penalties, with BH35-
Si35 retaining strong capacity even at 1 to 2C and exhibiting nearly full recovery on returning

to C/10.

Full-cell tests pairing the Si-rich BH20-Si50 anode with an NMC622 cathode demonstrated
that the benefits observed in half-cells translate into substantial energy-density gains at device
level. Specific energies approaching ~385 Wh kg™ at C/10 were achieved under realistic
negative-to-positive capacity balancing, significantly exceeding those attainable with graphite-
based configurations under comparable conditions. Although the high Si fraction in BH20-Si50
incurs faster capacity fade, the comparison highlights the potential of BH-derived Si/S10./C

hybrids to deliver high energy densities within industrially relevant electrode architectures.

Taken together, the results identify a practical Si loading window of approximately 20 to 35
wt% in BH-based composites, within which alloying contributions can be exploited while
preserving BH-like rate performance, ICE and cycling stability. Within this window, BH35-
Si35 emerges as a particularly well-balanced formulation, offering more than double the
capacity of graphite with robust long-term retention and only modest increases in processing
complexity. These findings provide a clear pathway for the further optimisation of biomass-
derived S1/S10-/C anodes, including future work on surface engineering, prelithiation strategies
and electrode-level design to unlock the full potential of silicon while retaining the

sustainability advantages of biomass carbon.
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8. Optimising barley-husk-derived hard carbon for Sodium-ion
battery anodes

&.1. Introduction

8.1.1. Motivation and Na-ion context

The rapid growth of renewable electricity generation and decentralised energy systems has
intensified interest in electrochemical storage technologies that are not limited by the cost and
geographical concentration of lithium. Sodium-ion batteries (NIBs) have emerged as a promising
complementary technology for large-scale and cost-sensitive applications, owing to the natural
abundance, low cost and widespread distribution of sodium-containing resources. At the cell level,
Na-ion systems can offer acceptable energy densities for stationary storage and selected mobility
sectors, provided that suitable electrode materials are identified which can accommodate the larger

Na-ion while maintaining long-term cyclability and competitive efficiency.!!

On the anode side, graphite is unsuitable for most Na-ion systems under conventional electrolytes,
so attention has shifted towards disordered carbons.>* As discussed in Section 2.7, hard carbon
with its turbostratic stacking, enlarged interlayer spacing and hierarchical porosity is now regarded
as the state-of-the-art anode for NIBs, combining adsorption, interlayer insertion and pore-filling

processes to deliver competitive reversible capacities at low operating potentials.

Alongside performance, the sustainability and cost of hard-carbon production are increasingly
important (Section 2.6). Biomass-derived carbons offer a route to valorise agricultural residues
into functional electrodes.”” 7! Within this context, barley husk is particularly attractive owing to
its abundance, low economic value and intrinsic content of both carbon and silica. Chapters 4 and
5 have shown that controlled carbonisation and ball milling of barley husk yield hard carbons with
tunable interlayer spacing, defect density and porosity, which already deliver competitive

performance in Li-ion half-cells.

These Li-based studies provide a well-defined structural and electrochemical baseline, but the
suitability of the same barley-husk-derived carbons for Na-ion storage cannot be assumed a priori.
The larger ionic radius and different solvation behaviour of Na*, together with its distinct

thermodynamics of insertion into disordered carbon, alter the relative importance of interlayer
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spacing, pore architecture and surface chemistry. For example, the interlayer distance required to
host Na* is generally larger than that needed for Li*, and the balance between defect-mediated
adsorption and low-potential pore filling may shift under Na operation. In addition, NIBs are often
more sensitive to irreversible consumption of Na* during solid-electrolyte interphase formation,

which places different constraints on surface area and pore accessibility than in the Li-ion case.

Against this background, the present chapter investigates the Na-ion storage behaviour of barley-
husk-derived hard carbon as a function of carbonisation temperature at a fixed, pre-optimised
milling duration. By focusing on a temperature series that is structurally characterised and
electrochemically benchmarked in Li-ion cells, this chapter aims to clarify how processing-
induced changes in turbostratic ordering, porosity and surface area influence capacity, initial
Coulombic efficiency, cycling stability, rate performance and Na* transport. This Na-ion study not
only assesses the viability of barley husk as a sustainable precursor for hard carbon anodes in NIBs,
but also provides insight into how a single biomass-derived carbon platform can be tuned to serve

both Li- and Na-based chemistries.

8.1.2. Textural characterisation of the Na batch

To establish the textural state of the barley-husk-derived hard carbons used in Na-ion half-cells,
N: adsorption-desorption measurements at 77 K were carried out on the BH-T####-BM020 series,
where the milling duration was fixed at 20 min and the carbonisation temperature was varied
between 550 and 1150 °C. The measurements were performed following the same degassing and
analysis protocol described in Chapter 4 (Section 4.3.1), with BET specific surface areas extracted
using the Rouquerol criteria and mesopore-size distributions obtained from the desorption branch
via the BJH formalism. The resulting isotherms, pore-size distributions and BET surface areas are

summarised in Fig. 8.1.

All samples display mesoporous-carbon isotherms with gradual low-pressure uptake and open
hysteresis at higher P/Po. The overall adsorbed volume and hysteresis amplitude increase strongly
from 550 to 750 °C and then decrease at higher temperatures, mirroring the evolution of BET

surface area from 14.1 to 108.2 m? g! and back to 40.0 to 36.3 m? g! (Fig. 8.1c¢).
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The BJH pore-size distributions derived from the desorption branches reveal that all samples
contain a broad mesopore population extending over a few to several nanometres, consistent with
the formation of slit-type pores and inter-aggregate voids during pyrolysis and milling. The
intensity of this mesopore band is highest for BH-T750-BM020, in line with its large BET surface
area, while BH-T950-BM020 and BH-T1150-BM020 display weaker, but still appreciable,
mesopore signals. The BH-T550-BM020 sample shows only a shallow distribution, indicating that
incomplete devolatilisation and a more polymeric carbon matrix at this temperature limit the
development of accessible mesoporosity. Taken together with the Li-based milling study at 1150
°C in Chapter 4, which showed that BH-T1150-BM020 has a BET surface area of 37.93 m? g
and a stable mesopore envelope centred in the 2 to 5 nm range, the present Na batch data confirm
that the intermediate-temperature sample (750 °C) is texturally the most open, whereas the highest-

temperature carbons are more compact despite their higher degree of structural ordering.

These trends can be rationalised in the context of the structural evolution described earlier. At 550
°C, the carbon matrix retains a significant fraction of non-aromatic and heteroatom-containing
moieties, as indicated by the Raman and XRD analyses in Chapter 4, which restricts pore opening
and leaves a low external surface area. Increasing the temperature to 750 °C drives off volatiles
and promotes aromatisation without yet fully collapsing the developing pore network, resulting in
a highly porous, high-surface-area hard carbon. Further heating to 950 and 1150 °C tightens the
turbostratic stacking, reduces defect density and promotes structural densification, which narrows
or closes smaller pores and reduces the accessible surface area, even though the carbon becomes

more ordered at the bonding scale.

From the perspective of Na-ion storage, this textural landscape has several implications. The very
high surface area of BH-T750-BM020 is expected to enhance electrolyte access and shorten Na*
diffusion paths, which can be beneficial for rate performance, but it also increases the area
available for solid-electrolyte interphase formation and irreversible Na consumption, with a likely
penalty in initial Coulombic efficiency. In contrast, the low-surface-area BH-T550-BM020 may
suppress SEI growth but offers limited mesopore volume and poorer connectivity to internal
storage sites. The intermediate surface areas and mesopore contents of BH-T950-BM020 and BH-
T1150-BMO020 represent a compromise between kinetic accessibility and parasitic surface

reactions, and are expected to support more balanced Na storage behaviour. The following sections
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examine how these textural differences, superimposed on the temperature-dependent changes in
interlayer spacing and aromatic ordering established in Chapters 4 and 5, translate into the

observed Na-ion electrochemical response.
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Figure 8.1. N: adsorption-desorption isotherms at 77 K for BH-T####BMO020 carbons carbonised
at 550, 750, 950 and 1150 °C, showing (a) adsorption-desorption behaviour, (b) BJH pore-size
distributions and (c) BET surface area as a function of carbonisation temperature.
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8.2. Electrochemical performance in Na half-cells

8.2.1. Scope, sample set and testing protocol

All Na-ion measurements in this chapter were performed on CR2016 half-cells prepared under a
common electrode architecture, electrolyte and testing schedule, so that differences in performance
can be attributed directly to the carbonisation temperature of the barley-husk-derived hard carbon.
The active materials are the four BH powders carbonised at 550, 750, 950 and 1150 °C and
subsequently milled for 20 min, denoted BH-T0550-BM020, BH-T0750-BM020, BH-T0950-
BM020 and BH-T1150-BMO020, respectively. These labels are used consistently throughout
Section 8.2 and link the Na half-cell dataset to the structural and textural descriptors established
in Chapters 4 and 5 and in Fig. 8.1.

Electrode preparation for the Na-ion study followed the slurry formulation and coating protocol
described in Section 5.2.1. In brief, the working anodes were fabricated from aqueous slurries
containing 70 wt% BH-T####-BM020 active material, 20 wt% carbon black (C65) and 10 wt%
polyacrylic acid (PAA) binder, cast onto aluminium foil current collectors and dried under vacuum.
The electrodes were then punched into 14 mm disks, yielding an active-material loading of
approximately 1.0 mg cm™, consistent with the Li-ion study in terms of electrode composition and
loading, in order to minimise architectural contributions to performance trends. The anode

compositions and sample labels used throughout this chapter are summarised in Fig. 8.2.

Coin cells were assembled in an argon-filled glovebox (O2, H-O < 0.5 ppm) using the BH-based
electrodes as working anodes, metallic sodium as the counter electrode, and a microporous
polyolefin separator (Celgard 2500). The electrolyte was 1 M NaPFs in diglyme (100 vol%
diglyme), an ether-based sodium salt solution chosen for its favourable wetting of porous carbons
and its ability to form a stable SEI on hard carbon surfaces. All electrochemical tests were

conducted at room temperature.

Unless stated otherwise, galvanostatic cycling and voltage profiling were carried out in the
potential window 0.01 to 2.5 V vs Na*/Na, using a C-rate protocol analogous to that employed for
Li-ion cells in Chapter 5. Formation comprised three cycles at C/20 to stabilise the SEI and to
establish the initial Coulombic efficiency. Cycling stability was then assessed at C/5 for 200 cycles,

with Coulombic efficiency recorded each cycle. Rate performance was evaluated using a stepped
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sequence of C/10 — C/5 — C/3 — 1C — C/10, with five cycles at each rate; capacities at each
step, together with the final C/10 recovery, were used to quantify rate capability and reversibility.
The C-rate is defined relative to a theoretical capacity of 300 mAh g™' for hard carbon and 170
mAh g! for the silica component, reflecting their expected Na-storage limits; given the ~14 wt%
silica content determined by TGA in Chapter 4, this corresponds to an overall composite theoretical
capacity of 281.8 mAh g! for these anodes. The applied current densities are reported explicitly

in mA g' (per total active mass) where relevant.

Cyclic voltammetry was performed between 0.01 and 2.5 V vs Na*/Na at a scan rate of 0.2 mV s,
to facilitate direct comparison of redox features between Li* and Na* operation. Electrochemical
impedance spectroscopy (EIS) measurements were acquired after the 1% and 50" galvanostatic
cycles using a 5 to 10 mV perturbation over the 100 to 0.01 Hz frequency range, following the
protocol in Chapter 5. Spectra were fitted using the same equivalent circuit as in the Li-ion study
to extract the solution resistance (Ry), charge-transfer resistance (R.;) and Warburg coefficient (c);
the apparent Na* diffusion coefficient (D,+) was then calculated from the low-frequency Z' vs
w~ % relation using the same expression as Eq. (5.2) in Chapter 5, with Li* replaced by Na*. The
extracted parameters for BH-T0550-BM020, BH-T0750-BM020, BH-T0950-BM020 and BH-
T1150-BMO020 are compiled in Table 8.1 and form the basis for the discussion in Section 8.2.6.
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Figure 8.2. Electrode compositions and labeling of anodes investigated in this chapter.
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8.2.2. Cyclic voltammetry as a function of carbonisation temperature

The Na-ion storage behaviour of the barley-husk-derived hard carbons was first probed by cyclic
voltammetry (CV) between 0.01 and 2.5 V vs Na*/Na at 0.2 mV s7'. Fig. 8.3 shows the first three
CV cycles for BH-T0550-BM020, BH-T0750-BM020, BH-T0950-BM020 and BH-T1150-
BMO020. In all cases the initial scan exhibits a large cathodic feature at low potential, followed by
a smaller anodic counterpart on the return sweep, while subsequent cycles display reduced
irreversible currents and progressively overlapping profiles, signalling the establishment of a more

stable Na-storage response after the formation stage.

For all four temperatures, the first cathodic scan from open-circuit potential down to 0.01 V is
dominated by a sharp current spike just above 0.01 V, reaching peak currents of approximately
—0.10 mA for BH-T0550-BM020, —0.20 to —0.22 mA for BH-T0750-BM020 and BH-T0950-
BMO020, and around —0.10 mA for BH-T1150-BM020. This intense low-voltage reduction in the
first cycle is attributed mainly to the reductive decomposition of the NaPFs-diglyme electrolyte
and the formation of a solid-electrolyte interphase on the hard carbon surface, together with the
filling of the most accessible nanopores. The corresponding anodic scan shows a relatively sharp
oxidation feature slightly above 0.01 V, with a magnitude that is substantially smaller than the first-
cycle cathodic peak and which stabilises in the second and third cycles. The incomplete
reversibility of this low-potential peak between the first cathodic and anodic sweeps reflects the
largely irreversible nature of SEI formation and the trapping of Na* in deep or poorly connected

sites during the initial sodiation.

Beyond the immediate vicinity of 0.01 V, each sample exhibits broader cathodic and anodic
currents extending roughly from 0.1 to about 1.0 V, superimposed on a quasi-rectangular
background. These features are commonly ascribed to Na* adsorption at defect and edge sites,
redox activity associated with residual functional groups, and reversible Na storage in more weakly
confined domains within the disordered carbon matrix. The gradual decrease of these currents from
the first to the third cycle suggests that part of the high-potential response is also related to the
consumption of electrolyte and the stabilisation of surface chemistry, while the remaining current

in cycles 2 and 3 is associated with reversible Na pore/interlayer filling.

Clear differences emerge when the CV responses are compared across the carbonisation

temperatures. The BH-T0550-BM020 electrode, which has the lowest BET surface area and the
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least developed aromatic and turbostratic order, shows relatively small peak currents and a
noticeable evolution of the curve shape between the first and third cycles. The broad cathodic
response above 0.1 V remains comparatively featureless, indicative of a predominance of
disordered, defect-rich storage sites and a lack of well-defined low-potential insertion domains. In
contrast, BH-T0750-BM020, which combines a highly porous texture with intermediate structural
ordering, exhibits the largest first-cycle cathodic peak and the highest overall current density across
the potential window. This behaviour is consistent with its high surface area (108.18 m? g™'), which
provides abundant sites for SEI formation and Na adsorption, enhancing both irreversible and
reversible charge transfer. The second and third cycles for BH-T0750-BM020 nearly overlap,

indicating rapid stabilisation once the initial surface reactions are complete.

For BH-T0950-BM020 and BH-T1150-BM020, the CV profiles display intermediate peak
magnitudes and more reproducible shapes from cycle to cycle. The reduction of high-potential
current relative to BH-T0750-BM020 reflects the lower surface area and mesopore content of these
higher-temperature carbons, which restricts the number of exposed defect sites and external
surface available for Na* adsorption and SEI growth. At the same time, the sharper low-potential
redox response and improved overlap of the second and third cycles suggest that Na storage
becomes increasingly dominated by more defined interlayer and nanopore domains within the
harder, more aromatised carbon matrix. This trend echoes the Li-ion CV behaviour reported in
Chapter 5 in Section 5.3 for the same BH-T####-BM020 series, where higher carbonisation
temperatures also promoted more stable and reproducible low-voltage features associated with
pore/interlayer filling, although the absolute potential positions and relative contributions differ

between Li* and Na* because of their distinct insertion thermodynamics.

Overall, the CV data indicate that increasing carbonisation temperature from 550 to 1150 °C shifts
the Na-storage mechanism from predominantly defect- and surface-controlled uptake, with
significant irreversible charge, towards a regime where reversible low-potential processes in more
ordered hard-carbon domains play a larger role. The particularly large first-cycle cathodic current
of BH-T0750-BM020 highlights the trade-off introduced by its very high surface area: enhanced
kinetics and strong redox response are accompanied by extensive electrolyte decomposition and
Na loss. These mechanistic tendencies foreshadow the trends in initial Coulombic efficiency,

cycling stability and rate performance discussed in Sections 8.2.3 and 8.2.4.
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Figure 8.3. Cyclic voltammograms of BH-T####-BM020 anodes in Na half-cells over the first
three cycles at 0.2 mV s~ between 0.01 and 2.5 V' vs Na'/Na, comparing the effect of carbonisation
temperature (550, 750, 950 and 1150 °C).

8.2.3. Galvanostatic voltage profiles

The galvanostatic charge-discharge profiles of BH-T550-BM020, BH-T750-BM020, BH-T950-
BMO020 and BH-T1150-BM020 over the first five cycles at the formation rate shown in Fig. 8.4
and exhibit the typical two-stage behaviour of hard carbons in Na-ion systems, combining a
sloping region at intermediate potentials with a lower-voltage segment closer to 0 V vs Na*/Na. In
all cases, the first sodiation curve shows a pronounced irreversible capacity extending from the
open-circuit potential down to approximately 0.1 to 0.2 V, consistent with electrolyte reduction,

SEI formation and Na uptake at high-energy defect and surface sites, in agreement with the
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cathodic features identified in the CVs in Fig. 8.3. Subsequent desodiation traces recover only a
fraction of this charge on the first cycle, but the degree of overlap between sodiation and
desodiation improves markedly from cycle 2 to 5 as the SEI stabilises and the electrochemically

active sites approach steady utilisation.

For BH-T550-BMO020, the voltage profile is dominated by a continuous slope from about 1.5 V
down to the lower cut-off, with only a very short and poorly developed low-voltage segment. This
behaviour indicates that Na storage occurs mainly via adsorption at defects, edges and disordered
surface sites rather than through efficient nanopore or interlayer filling. The large voltage
hysteresis between charge and discharge in the first cycle, together with the limited growth of a
distinct low-potential plateau upon cycling, reflects the highly disordered microstructure at 550
°C, where Chapter 4 showed a broad (002) reflection, large doo> and short L., combined with
relatively low BET surface area (14.1 m? g'). These structural features promote extensive
irreversible reactions during SEI formation but do not provide well-defined graphitic domains for
reversible Na pore/interlayer filling, which is consistent with the relatively low reversible capacity

and modest first-cycle overlap seen in Fig. 8.4.

In contrast, the BH-T750-BM020 anode delivers the highest reversible capacity and displays the
clearest separation between the sloping and plateau-like regions. Its first sodiation curve extends
to the largest capacity in Fig. 8.4, and already by the second cycle a more pronounced low-voltage
segment below ~0.1 V develops, indicative of Na filling in nanopores and enlarged interlayer
galleries. The corresponding desodiation traces show relatively small hysteresis and good overlap
from cycle 2 onwards, pointing to efficient and largely reversible occupation of these sites. This
electrochemical behaviour can be linked directly to the textural properties in Fig. 8.1, where BH-
T750-BMO020 exhibits the highest BET surface area (108 m? g!) and significant mesopore volume.
Together with the large doo> and high defect density identified in Chapter 4, this combination
provides abundant adsorption sites and accessible pore networks while still maintaining sufficient
structural coherence for Na storage in turbostratic domains. The result is a strong contribution from

both the sloping and plateau regions, giving a high reversible capacity.

Moving to higher temperatures, BH-T950-BM020 and BH-T1150-BM020 show intermediate
behaviour. Their first-cycle profiles retain a noticeable sloping region, but the relative share of the

low-voltage segment becomes larger than in BH-T550-BM020 yet less extended than in BH-T750-
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BMO020. The plateau in these samples is somewhat shorter and slightly more tilted, suggesting that
Na pore/interlayer filling is increasingly limited by the shrinking deo> and growing crystallite size
reported in Chapter 4. The narrower hysteresis between discharge and charge compared with BH-
T550-BMO020 reflects improved electronic connectivity and reduced defect density at higher
carbonisation temperature, but the reduced gallery spacing likely imposes steric constraints on Na

pore/interlayer filling, so that the total reversible capacity does not reach that of the 750 °C sample.

These qualitative trends in voltage shape are mirrored in the initial Coulombic efficiencies
extracted from the first-cycle charge and discharge capacities. As summarised in Fig. 8.5¢, the ICE
values are 51.1 % for BH-T550-BM020, 73.5 % for BH-T750-BM020, 65.3 % for BH-T950-
BMO020 and 68.1 % for BH-T1150-BM020. The non-monotonic dependence on carbonisation
temperature contrasts with the monotonic increase observed in Li half-cells, where ICE rose
steadily from 48.6 % to 59.2 % as temperature increased from 550 to 1150 °C. In the Na system,
the highest ICE at 750 °C indicates that, although this sample possesses the largest surface area
and therefore the greatest absolute SEI charge, it also delivers the largest reversible capacity after
formation. The net effect is a favourable ratio of reversible to irreversible Na uptake, yielding a
higher ICE than in both more disordered (550 °C) and more graphitised (950 to 1150 °C) carbons.
For BH-T550-BM020, the combination of highly defective carbon and relatively low surface area
translates into extensive trapping of Na in deep defect states and a thick, heterogeneous SEI, giving
a low ICE and poor first-cycle overlap. At 950 to 1150 °C, the more ordered stacking and smaller
doo2 reduce the fraction of Na that can be reversibly stored at low potentials, so that even though

SEI formation is more controlled, the ICE does not exceed that of the 750 °C sample.

Overall, the Na voltage profiles and associated ICE trends reinforce the processing-structure-
performance links established in Chapters 4 and 5. The 750 °C carbon, which combines enlarged
interlayer spacing, high porosity and a still highly defective but continuous sp? network, emerges
as the most effective compromise for Na storage, maximising reversible capacity and first-cycle
efficiency. In contrast, very low and very high carbonisation temperatures bias the storage
mechanism towards predominantly defect-controlled adsorption (550 °C) or constrained interlayer
insertion (950 to 1150 °C), both of which limit reversible Na uptake and degrade the initial

utilisation of the active material.
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Figure 8.4. Galvanostatic charge-discharge voltage profiles of BH-T550-BM020, BH-T750-
BM020, BH-T950-BM020 and BH-T1150-BMO020 at their (a) 1%, (b) 2™, (c) 3%, (d) 4", and (e) 5"
cycle under a C/5 current.
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8.2.4. Cycling stability and rate capability

The long-term cycling behaviour of the BH-T####-BM020 anodes at C/5 and their Coulombic
efficiencies are shown in Fig. 8.5a and 8.5b, together with the ICE in Fig. 8.5¢ and the rate
capability over a stepped C-rate sequence in Fig. 8.5d. After the initial formation cycles, all
electrodes exhibit comparatively stable capacities over 200 cycles, with clear differences in both
absolute capacity and retention that reflect the interplay between carbonisation temperature,

texture and Na-storage mechanism.

At the baseline rate, BH-T750-BMO020 delivers by far the highest reversible capacity. After the
initial drop between cycles 1 and 5, the capacity stabilises at around 260 mAh g™! and remains in
the range 250 to 260 mAh g up to the 200" cycle, corresponding to a capacity retention of
approximately 95 to 100 % relative to the fifth cycle in Fig. 8.5a. In contrast, BH-T550-BM020
exhibits a much lower reversible capacity, settling near 80 to 90 mAh g after formation and
maintaining this level with only a slight upward drift over extended cycling. The higher-
temperature carbons, BH-T950-BM020 and BH-T1150-BM020, show intermediate capacities of
roughly 90 to 110 mAh g and 130 to 140 mAh g™, respectively, with a modest gradual increase
over the 200 cycles, suggestive of progressive activation of internal storage sites as the electrolyte
penetrates deeper pores and the SEI becomes more uniform. Overall, the capacity ranking at C/5

is in line with the voltage-profile analysis in Section 8.2.3.

The evolution of Coulombic efficiency further clarifies the stability of Na storage in these
electrodes as shown in Fig. 8.5b. For all four temperatures, the Coulombic efficiency increases
sharply from the first to the second cycle and exceeds 95 % by the third cycle. Thereafter, the
efficiency approaches or slightly surpasses 99 % and remains close to this level up to 200 cycles,
indicating that parasitic reactions are substantially suppressed once the SEI has formed. BH-T750-
BMO020 reaches high efficiencies particularly rapidly, consistent with its relatively high ICE of
73.5 % and large reversible capacity. BH-T550-BM020, with the lowest ICE of 51.1 %, requires a
slightly longer stabilisation period and displays marginally more scatter in the early cycles,
reflecting its more defective microstructure and less homogeneous SEI. The higher-temperature
samples, BH-T950-BM020 and BH-T1150-BM020, converge to steady-state efficiencies that are
comparable to or marginally higher than that of BH-T750-BM020, which is consistent with their
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more ordered carbon frameworks and lower surface areas that reduce the extent of continuous

electrolyte decomposition.

The ICE summarised in Fig. 8.5¢ emphasise the non-monotonic dependence of first-cycle
reversibility on carbonisation temperature. As noted above, BH-T750-BM020 exhibits the highest
ICE (73.5 %), with BH-T1150-BM020 and BH-T950-BM020 following at 68.1 % and 65.3 %,
respectively, and BH-T550-BM020 lagging at 51.1 %. This behaviour differs from the Li-ion case,
where ICE increased monotonically with temperature, and can be rationalised by considering the
combined effects of texture and stacking. The 750 °C carbon combines the largest surface area and
mesopore volume with still enlarged d-spacing and high defect density, providing both extensive
adsorption sites and accessible nanopores for Na storage. Although the high surface area increases
the absolute amount of SEI formed, the associated gain in reversible capacity more than
compensates, yielding a high ICE. At 550 °C, the poorly developed porosity and highly disordered
bonding environment lead to substantial Na trapping in deep defect states and an inhomogeneous
SEI, which severely depress ICE. At 950 to 1150 °C, the more ordered turbostratic structure and
smaller doo> reduce irreversible reactions but also limit the number of sites that can reversibly host

Na, so that the ICE does not surpass that of the 750 °C carbon.

The rate performance of the four electrodes, probed by stepping the current from C/10 to C/5, C/3
and 1C and then returning to C/10, is presented in Fig. 8.5d. BH-T750-BM020 again displays the
highest rate capability, delivering approximately 270 to 280 mAh g at C/10, around 260 to 270
mAh g at C/5, 240 to 250 mAh g at C/3 and still about 220 to 230 mAh g at 1C. When the
rate is reduced back to C/10, the capacity recovers to nearly its initial value, indicating that most
of the capacity loss at high rate is kinetic rather than due to irreversible degradation. BH-T1150-
BMO020 sustains capacities of roughly 140 to 150, 135 to 140, 125 to 130 and 115 to 120 mAh g™*
at C/10, C/5, C/3 and 1C, respectively, with similarly good recovery on the final C/10 step. The
lower-rate sensitivity of this sample is consistent with its more compact but electronically well-
connected structure, where transport limitations are mitigated by improved electronic conductivity,

even though the total number of Na-accessible sites is lower than in BH-T750-BM020.

The BH-T950-BM020 and BH-T550-BM020 electrodes exhibit the lowest rate performance. Their
capacities decrease from roughly 100 and 90 mAh g at C/10 to about 80 to 90 and 70 to 80 mAh
g ' at 1C, respectively, with only partial recovery on returning to C/10. For BH-T550-BM020, this
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behaviour reflects the combination of poorly developed porosity, which restricts electrolyte access
and Na transport, and a highly disordered carbon network that introduces tortuous ion pathways.
For BH-T950-BM020, the reduced do and intermediate surface area likely constrain Na
pore/interlayer filling, so that higher currents accentuate diffusion limitations and underutilisation

of active domains.

Taken together, the cycling and rate data confirm that carbonisation at 750 °C and 1150 °C yields
the most attractive combinations of reversible capacity, stability and rate capability for Na storage
in barley-husk-derived hard carbon, albeit for different reasons. The 750 °C material benefits from
high porosity and enlarged interlayer spacing, which maximise capacity and confer strong rate
tolerance, while the 1150 °C material leverages a more ordered turbostratic structure to deliver
moderate capacities with excellent stability and reasonable rate performance. The extremes of the
temperature range, 550 °C and 950 °C, are penalised either by excessive disorder and limited
porosity (550 °C) or by over-contracted stacking that hinders Na insertion (950 °C). These findings
reinforce the importance of balancing surface area, pore structure and stacking order when

optimising biomass-derived hard carbons for Na-ion applications.
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Figure 8.5. Electrochemical performance of BH-T####-BMO020 anodes in Na half-cells: (a)
cycling performance at C/5 over 200 cycles, (b) corresponding Coulombic efficiency, (c) initial

Coulombic efficiency (ICE) as a function of carbonisation temperature and (d) rate capability over
a stepped C/10 — C/5 — C/3 — 1C — C/10 sequence.

8.2.5. Differential capacity analysis and Na-storage mechanisms

Further insight into the Na-storage processes in the BH-T####-BM020 electrodes was obtained by
differential capacity analysis. Fig. 8.6 presents dQ/dV profiles for cycles 1, 2, 3, 10 and 50 between
0.01 and 2.5 V vs Na*/Na for the four carbonisation temperatures. For each sample the first cycle
shows more intense and less resolved features, while subsequent cycles converge to nearly
overlapping curves, indicating the progressive stabilisation of the SEI and the underlying Na-

storage mechanisms.
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In all four electrodes the most prominent features appear at low potentials, close to 0 V vs Na*/Na.
On the cathodic side, a sharp negative peak is observed below ~0.05 V in the first cycle,
particularly pronounced for BH-T750-BM020 and BH-T1150-BM020, reflecting a combination
of electrolyte reduction, SEI formation and initial Na filling of the most accessible nanopores and
interlayer domains. The corresponding anodic peak, slightly shifted to higher potential, is much
smaller in the first cycle, which confirms the largely irreversible character of the initial reduction
processes. From the second cycle onwards, the magnitude of the low-potential cathodic peak
decreases and the associated anodic peak becomes more symmetric and reproducible, consistent
with the completion of SEI formation and the emergence of a predominantly reversible low-
voltage process attributed to Na insertion/extraction in confined domains such as enlarged

interlayer spaces and closed pores that become electrochemically accessible.

At higher potentials, broad cathodic and anodic features extend from approximately 0.1 to 0.8 to
1.0 V. These bands are most clearly developed in BH-T750-BM020 and BH-T1150-BM020 and
are weaker and less defined in BH-T550-BM020 and BH-T950-BM020. They are assigned to Na*
adsorption/desorption on defect sites, edges and surface functional groups, together with redox
activity in more weakly confined carbon regions. The broadness and modest potential shift of these
features with cycling indicate a distribution of adsorption energies and local environments typical
of disordered hard carbons. The gradual reduction in intensity of the high-potential bands between
cycles 1 and 10, followed by near-complete overlap between cycles 10 and 50, suggests that a
fraction of the initially accessible sites becomes irreversibly passivated during SEI maturation,
whereas the remaining population supports reversible adsorption-based storage with stable

energetics.

Comparing the four temperatures reveals how carbonisation governs the balance between
adsorption-dominated and pore/interlayer-dominated storage. For BH-T550-BM020 the dQ/dV
response is dominated by relatively broad, low-amplitude features across the 0.1 to 1.0 V window
and a comparatively muted low-potential peak, even after formation. This pattern reflects a
microstructure in which Na storage is mainly controlled by heterogeneous defect and surface sites
in a highly disordered carbon, with only a limited contribution from well-defined nanopores or
enlarged interlayer galleries, consistent with the sloping voltage profiles and low capacities

discussed in Section 8.2.3. In BH-T750-BM020 both the low-potential peak and the intermediate-
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potential band are intense and well developed, and retain high amplitude up to the 50th cycle. This
indicates a strong contribution from reversible Na filling of nanopores and interlayer domains,
superimposed on a substantial population of adsorption sites; together these processes underpin

the high reversible capacity and rate performance of this sample.

For BH-T950-BM020 and BH-T1150-BM020, the dQ/dV curves show relatively sharp low-
potential peaks but reduced intensity in the 0.1 to 0.8 V region compared with BH-T750-BM020.
The sharpening of the low-voltage peaks with increasing temperature suggests that Na
pore/interlayer filling becomes more localised in better-defined turbostratic domains as dooz
contracts and stacking order increases. At the same time, the loss of area under the intermediate-
potential bands indicates a reduction in the density of accessible defect and surface sites, in line
with the decreasing BET surface area and defect content at high carbonisation temperature. The
net result is a more “intercalation-like” profile with lower total capacity, congruent with the

moderate reversible capacities and good Coulombic efficiencies observed for BH-T950-BM020

and BH-T1150-BM020.

When compared qualitatively with the Li-ion dQ/dV signatures reported in Chapter 5 for the same
temperature series, several similarities and distinctions emerge. In both chemistries the higher-
temperature carbons exhibit sharper low-potential peaks and reduced high-potential contributions,
reflecting the common structural evolution toward more ordered turbostratic carbon. However, in
the Na system the optimum balance between the low-potential and sloping regions is shifted
towards the intermediate temperature of 750 °C, where enlarged interlayer spacing and high
porosity enable extensive pore filling and Na pore/interlayer filling without excessively
suppressing adsorption-based storage. The 1150 °C carbon, which was close to optimal for Li
storage, shows a comparatively weaker low-potential contribution in Na, consistent with the more
stringent steric requirements of Na* pore/interlayer filling. Overall, the differential capacity
analysis confirms that Na storage in barley-husk-derived hard carbon involves a combination of
defect-mediated adsorption at intermediate potentials and pore/interlayer filling at low potentials,
with the relative weight of these processes finely tuned by carbonisation temperature and the

resulting microstructure.
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Figure 8.6. Differential capacity (dQ/dV) profiles for BH-T####-BM020 anodes at 550, 750, 950
and 1150 °C over cycles 1, 2, 3, 10 and 50 between 0.01 and 2.5 V vs Na'/Na, highlighting the
evolution of low-potential plateau features and higher-potential sloping contributions.

8.2.6. Electrochemical impedance analysis and Na* diffusion

Electrochemical impedance spectroscopy (EIS) was employed to probe the charge-transfer and
diffusion properties of the BH-T####-BM020 electrodes during Na-ion storage. Nyquist plots and
corresponding Z' vs. %5 relations after the 1% and 50™ cycles are shown in Fig. 8.7, and the
fitted parameters are summarised in Table 8.1. Spectra were fitted using the same Randles-type
circuit model shown in Fig. 5.5, comprising a solution resistance R, in series with two parallel R—

CPE elements (assigned to the SEI and charge-transfer processes, respectively) and a Warburg
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diffusion element to describe Na* transport at low frequencies. As in Chapter 5, the low-frequency

Warburg region was analysed by fitting the linear part of the Z’ versus w5

plot according to Eq.
(5.1), where the intercept corresponds to the real impedance at the end of the semicircle and the
slope yields the Warburg coefficient 6. The apparent Na* diffusion coefficient, D ,+, was then
calculated using the same expression as Eq. (5.2), with the Li* concentration term replaced by the
Na* concentration in the electrode. The resulting o and D+ values for BH-T0550-BM020, BH-

T0750-BM020, BH-T0950-BM020 and BH-T1150-BMO020 are listed in Table 8.1.

The Nyquist plots after the first cycle in Fig. 8.7a display a high-frequency intercept on the real
axis corresponding to R, followed by a depressed semicircle attributed to the combined SEI and
charge-transfer contributions, and a low-frequency inclined line associated with diffusion-
controlled Na* transport. The extracted R values decrease with increasing carbonisation
temperature from 15.60 Q for BH-T0550-BM020 to 11.17 Q for BH-T1150-BM020, with the
lowest value (7.70 Q) obtained for BH-T0750-BM020 (Table 8.1). This trend reflects a
combination of electrolyte resistance and contact resistance within the composite electrode, and
indicates that the more porous and/or better-connected carbons (750 to 1150 °C) offer improved

ionic and electronic pathways compared with the highly disordered 550 °C material.

A more pronounced dependence on temperature is seen in the charge-transfer resistance R.;. After
the first cycle, R is 47.39 Q for BH-T0550-BM020, drops to 23.70 Q for BH-T0750-BM020,
and then increases again to 43.16 and 36.22 Q for BH-T0950-BM020 and BH-T1150-BM020,
respectively. The lowest R, at 750 °C indicates that this carbon provides the most favourable Na*
transfer kinetics across the electrolyte/SEI/hard-carbon interface, consistent with its high surface
area and extensive pore network, which enhance electrolyte wetting and increase the density of
active sites. The higher R, values for BH-T0550-BM020 and BH-T0950-BM020 point to sluggish
interfacial kinetics, in the former case due to a highly defective, poorly percolated carbon matrix
and limited mesoporosity, and in the latter case due to a more compact structure with reduced
accessible surface and smaller interlayer spacing. BH-T1150-BM020 exhibits intermediate
behaviour, combining lower disorder and good electronic conductivity with a somewhat

constrained Na-accessible microstructure.

Upon extended cycling, both R; and R, decrease for all samples as shown in Fig. 8.7b and reported
in Table 8.1. After 50 cycles, R, falls to 13.36, 5.66, 11.79 and 9.59 Q for BH-T0550-BM020, BH-
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T0750-BM020, BH-T0950-BM020 and BH-T1150-BMO020, respectively, while R.; decreases to
39.15, 19.53, 35.22 and 29.40 Q. The reduction of R, with cycling is commonly associated with
consolidation and homogenisation of the SEI layer and progressive wetting of internal pores,
which reduce interfacial impedance. The 3D Nyquist representation in Fig. 8.7e, comparing BH-
T0750-BM020 and BH-T1150-BMO020, highlights this effect: in both electrodes the semicircle
contracts from the first to the fiftieth cycle, with BH-T0750-BMO020 consistently exhibiting the
smallest radius. The fact that R, remains lowest for BH-T0750-BM020 after 50 cycles
corroborates its superior long-term kinetics, in line with its high-rate capability and stable capacity

retention.

0-5 and shown in Fig. 8.7¢c

The Warburg coefficient o, obtained from the linear fits of Z' versus w~
and 8.7d, exhibits a similar dependence on carbonisation temperature. After the first cycle o is

highest for BH-T0550-BM020 (39.04 Q s7'/?) and BH-T0950-BM020 (35.49 Q s7!/2), and lower
for BH-T1150-BM020 (25.57 Q2 s7'/2) and especially BH-T0750-BM020 (19.06 Q2 s7'/2). Because

o is inversely related to the diffusion coefficient, these values translate into Dy,+ of 2.32 x 107",
9.75x10",2.81 x 10" and 5.42 x 10" cm? s™* for BH-T0550-BM020, BH-T0750-BM020, BH-
T0950-BM020 and BH-T1150-BM020, respectively. After 50 cycles, o decreases for all samples,
reaching 30.86, 15.58, 28.05 and 23.38 Q s7'/2, and D,+ increases correspondingly to 3.72 X
1071, 1.46 x 107'°,4.50 x 107" and 6.48 x 10'' cm? s™'. The approximately twofold enhancement
of Dy,+ from the first to the fiftieth cycle indicates that Na* transport within the hard carbon
becomes progressively facilitated, again consistent with SEI stabilisation and gradual activation of

pore and interlayer domains.

Across both cycles, BH-T0750-BM020 exhibits the highest Na* diffusion coefficients and the
lowest o, whereas BH-T0550-BM020 and BH-T0950-BM020 show the poorest diffusion
characteristics. This behaviour can be rationalised by considering the combined effects of stacking
and texture: at 750 °C, the enlarged interlayer spacing, high mesoporosity and continuous, though
still defective, sp? network provide short diffusion pathways and a large number of accessible
channels for Na* transport. At 550 °C, the poorly developed pore structure and highly disordered
framework introduce tortuous and partially blocked pathways, while at 950 °C the contraction of
doo2 and partial collapse of pores restrict Na* mobility despite the improved electronic conductivity.

At 1150 °C, the tighter stacking further limits diffusion, but the relatively low ¢ and moderate
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Dyq+ values show that transport is still acceptable, which is consistent with the reasonable rate

performance of this electrode.

When compared with the Li-ion results for the same carbonisation series, the Na* diffusion
coefficients are one to two orders of magnitude lower (107! to 107'° cm? s™' for Na* versus 1078 to
1077 cm? s7! for Li*), reflecting the larger ionic radius of Na*, its different solvation shell in diglyme
and the more stringent steric requirements for pore/interlayer filling. Nevertheless, the qualitative
trends with carbonisation temperature are similar in both chemistries: intermediate-to-high
temperatures that balance sufficient interlayer spacing with improved structural coherence yield
the most favourable combination of low R, and high diffusion coefficients. In the Na system, this
optimum is shifted towards the 750 °C sample, whereas in the Li system the 1150 °C carbon was
closer to optimal. This divergence underscores the need to tailor biomass-derived hard carbons
specifically for the targeted charge carrier, rather than assuming that a processing window

optimised for Li-ion operation will automatically transfer to Na-ion cells.
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compares the evolution of the spectra for BH-T750-BM020 and BH-T1150-BM020 at their I°" and
50" cycles.

Table 8.1. EIS-derived parameters for BH-T####-BM020 anodes in Na half-cells after the I*' and
50" cycles.

Temp. 1%t cycle 50 cycle

CO | Ry Q)| R (Q) | 6(257%%) | Dyy+(cm?s™V) | Ry(Q) | Ree(Q) | 6(Q57%5) | Dy, +(cm?s™h)
550 15.60 | 47.39 | 39.04 2.324x107'" | 13.36 | 39.15 |30.86 3.719x107!!
750 7.70 1 23.70 | 19.06 9.748x101! | 5.66 19.53 | 15.58 1.459x1071°
950 13.87 | 43.16 | 35.49 2812x101 | 11.79 |35.22 | 28.05 4.501x10™!
1150 | 11.17 | 36.22 | 25.57 5417x101 19.59 2940 |23.38 6.479x107!!

8.3. Comparative discussion: Na vs Li storage in BH-derived anodes

8.3.1. Processing-structure-performance links under Na vs Li operation

The comparative analysis of Li- and Na-ion operation in the barley-husk-derived hard carbons
highlights both shared processing trends and clear differences in the location of the optimum
carbonisation window. In Li half-cells, higher carbonisation temperature was consistently
beneficial: BH-T1150-BMO020 delivered the highest reversible capacity, the best rate performance
and the lowest interfacial and diffusion-related resistances, with ICE increasing monotonically
from 48.6 % at 550 °C to 59.2 % at 1150 °C. In Na half-cells, by contrast, the performance metrics
show a non-monotonic dependence on temperature. BH-T750-BM020 provides the highest
reversible capacity at C/5 (~260 mAh g'), the most favourable capacity retention, the highest
initial Coulombic efficiency (73.5 %) and the largest Na* diffusion coefficient (1.46 x 107'° cm?
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s ! after 50 cycles), whereas both lower and higher temperatures lead to reduced Na storage and/or

less efficient utilisation of the active material.

These differences can be traced back to how Li* and Na* weight the same structural descriptors.
Increasing carbonisation temperature reduces dooz, increases L. and promotes growth of larger sp?
domains, while simultaneously decreasing defect density and accessible surface area. For Li",
whose smaller ionic radius permits pore/interlayer filling, the contraction of deoz and increase in
structural order at 1150 °C do not significantly impede access to interlayer domains, but do
improve electronic conductivity and reduce parasitic surface reactions, resulting in higher capacity
and ICE. For Na*, which requires larger interlayer distances and experiences stronger steric
constraints, the same contraction of doo2 progressively restricts the population of galleries that can
accommodate Na*, so that the highest-temperature carbons no longer provide sufficient low-

potential storage sites despite their favourable conductivity and moderate surface areas.

At 750 °C, the barley-husk carbon matrix retains enlarged interlayer spacing and a high defect
content, while the N>-sorption data indicate a pronounced maximum in BET surface area (108.2
m? g') and mesopore volume. This combination creates a microstructure in which Na storage is
distributed between abundant adsorption sites at intermediate potentials and extensive
nanopore/interlayer domains at low potentials, as reflected in the intense dQ/dV features across
both potential regions and the large reversible capacity. Under Li operation, however, the same
high surface area and defect density promote excessive SEI formation and trapping in deep sites,
so that BH-T750-BM020 is outperformed by the more aromatised and compact BH-T1150-
BMO020. In this sense, the 750 °C carbon is over-textured for Li but ideally textured for Na.

The impedance results reinforce this picture. In Li half-cells the apparent diffusion coefficient
increased steadily with carbonisation temperature, reaching ~1077 cm? s at 1150 °C, whereas in
Na half-cells the maximum Dy, + (~107'° cm? s™") is achieved at 750 °C, with both lower and higher
temperatures displaying slower transport. This contrast arises because Li" benefits primarily from
improved electronic connectivity and reduced disorder at high temperature, whereas Na*
additionally requires sufficiently open pathways through pores and interlayer gaps. Once these
pathways are constricted at 950 to 1150 °C, the gain in electronic transport is outweighed by the

loss of Na-accessible channels.
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8.3.2. Design implications for dual-chemistry BH-based anodes

The divergent optima identified for Li and Na storage have important implications for the design
of barley-husk-derived hard carbons as platform anodes. From a single-chemistry perspective, the
guidelines are clear: for Li-ion cells, carbonisation near 1150 °C combined with moderate milling
yields the most favourable combination of high reversible capacity, elevated ICE, strong rate
performance and fast Li* transport. For Na-ion cells, processing around 750 °C at the same milling
time produces a microstructure that maximises reversible capacity and ICE while maintaining

excellent rate capability and Na* diffusivity.

For applications that seek to explore both Li and Na chemistries on a common biomass platform,
there is no single carbonisation temperature that simultaneously optimises all metrics for both ions.
Instead, different processing windows offer different compromises. Carbons prepared at 750 °C
deliver outstanding Na performance and still provide competitive Li capacities (~250 mAh g' at
C/5), albeit with higher hysteresis and lower ICE than the 1150 °C material. Materials carbonised
at 1150 °C, conversely, maximise Li performance while offering moderate Na capacities (~130 to
140 mAh g at C/5) with very good stability and acceptable kinetics. For dual-chemistry
demonstrators, these two processing points could therefore be used deliberately to bracket the Li-
optimised and Na-optimised regimes, or combined (for example, via blending or graded

electrodes) to engineer intermediate behaviour.

More broadly, the comparative analysis positions barley-husk-derived hard carbon favourably
among biomass-based anodes for NIBs. The Na capacities and ICE values achieved at 750 °C are
within the range reported for optimised hard carbons from other lignocellulosic precursors, while
the ability to shift performance towards Li- or Na-preferential behaviour simply by adjusting
carbonisation temperature highlights an intrinsic tunability that is attractive for sustainable
electrode design. The fact that the same waste-derived precursor can be processed into distinct,
chemistry-specific hard carbons reduces the need for multiple feedstocks and simplifies integration

into future recycling and circular-economy frameworks.
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8.4. Conclusion

This chapter has examined Na-ion storage in barley-husk-derived hard carbon as a function of
carbonisation temperature at fixed milling time, building on the structural and Li-ion
electrochemical baseline established in earlier chapters. N2 adsorption-desorption measurements
confirmed that the Na batch exhibits a pronounced maximum in BET surface area and
mesoporosity at 750 °C, superimposed on the temperature-driven evolution of interlayer spacing,
crystallite size and defect content previously identified by Raman and XRD. These textural and
structural differences translate directly into distinct Na-storage behaviours when the materials are

evaluated as anodes in NaPFs-diglyme half-cells.

Electrochemical characterisation revealed that BH-T750-BMO020 outperforms the other
temperatures in Na-ion operation, delivering the highest reversible capacity (~260 mAh g™ at C/5),
the best capacity retention over 200 cycles, the highest initial Coulombic efficiency (73.5 %) and
the strongest rate capability. In contrast, BH-T550-BM020 sufters from low capacity and ICE due
to excessive disorder and poorly developed porosity, while BH-T950-BM020 and BH-T1150-
BMO020 provide moderate capacities and high efficiencies consistent with more ordered, but more
constrained, turbostratic structures. The differential capacity analysis demonstrated that Na storage
combines defect-mediated adsorption at intermediate potentials with pore and interlayer filling at
low potentials, with the balance of these contributions tuned by carbonisation temperature. The
EIS further showed that Na* diffusion coefficients are maximised at 750 °C and decrease at both
lower and higher temperatures, reflecting the need to combine open transport pathways with

sufficient structural coherence.

By comparing these Na-ion results with the Li-ion behaviour of the same barley-husk carbons, the
chapter has clarified how Li* and Na* respond differently to identical processing-induced structural
changes. Li operation is favoured by the highest-temperature, more ordered carbons, whereas Na
operation is optimised at intermediate temperature where interlayer spacing and porosity remain
large. This divergence underscores the central thesis of the work: barley husk constitutes a
versatile, sustainable precursor whose carbonisation conditions can be tuned to engineer hard
carbons tailored either for Li-ion or for Na-ion storage. In this way, the barley-husk platform offers

a realistic route towards dual-chemistry negative electrodes based on a single, low-cost biomass

195



feedstock, supporting the development of both high-energy Li-ion and resource-abundant NIB

technologies.
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9. General conclusions and outlook

9.1. Overview of the thesis

This thesis examines barley husk as a multifunctional biomass precursor for silica/carbon
composite anodes in lithium-ion and sodium-ion batteries. The study couples controlled processing
(hard carbon and silica/carbon composites) with structural/textural and electrochemical
characterisation, and then tests selected formulations in Si-enriched hybrids and full-cell
configurations. Chapters 2 to 8 addressed a sequence of research questions spanning anode
mechanisms, biomass-derived carbon design, comparative benchmarking against graphite, and the

translation of barley husk-derived anodes from Li-ion to Na-ion chemistries.

9.2. Cross-cutting discussion: processing-structure-performance

A key result is the quantitative relationship established between processing parameters and the
structural descriptors governing ion storage in the barley husk-derived anodes. Carbonisation
temperature primarily controls the carbon framework: increasing 450 to 1150 °C drives
aromatisation, reduces d,, increases L., and sharpens the (002) reflection, while retaining a
turbostratic, non-graphitising character. These structural changes were accompanied by a non-
monotonic evolution of texture and surface area, with an optimum mesoporous development at

intermediate temperatures.

Ball milling was found to act mainly on the accessible texture and particle morphology rather than
on the underlying carbon structure. Short-to-moderate milling increased surface area and mesopore
connectivity, improving electrolyte wettability and shortening ion-transport paths, whereas
excessive milling led to diminishing returns and potential agglomeration. Together, temperature
and milling define a processing window in which the barley husk-derived silica/carbon composite
attains a balanced combination of structural order, residual interlayer spacing and accessible

porosity.
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These structural and textural descriptors translate directly into electrochemical behaviour in Li-ion
cells. Higher carbonisation temperatures improved initial Coulombic efficiency, low-rate capacity
and rate capability, with the BH-T1150-BM020 formulation identified as an optimum that
maximises reversible capacity while maintaining hard-carbon-like stability and kinetics.
Impedance analysis and diffusion-coefficient estimates revealed that this optimisation arises from
reduced charge-transfer resistance and more efficient Li* transport within the active material,

consistent with a more ordered yet still accessible turbostratic framework.

When benchmarked against commercial graphite, the optimised barley husk-derived composite
delivered higher reversible capacity and comparable or slightly better rate performance, at the
expense of a lower ICE and a more sloping voltage profile. This comparison confirms that a
biomass-derived silica/carbon composite can match or exceed the performance of conventional
graphitic anodes in Li half-cells while offering clear sustainability advantages and a different

balance of energy and voltage characteristics.

Incorporating silicon into the barley husk-derived host altered this balance by introducing high-
capacity alloying contributions. The BH/Si hybrids demonstrated that the barley husk carbon/silica
framework can accommodate moderate Si loadings while maintaining mechanical integrity and
reasonable Coulombic efficiency. A practical window of approximately 20 to 35 wt% Si was
identified, within which capacities above 800 mAh g' were achieved with acceptable cycling
stability and rate performance. Outside this window, high Si content led to rapid capacity fade
despite the buffering effect of the BH host. Full-cell tests with NMC622 cathodes confirmed that
Si-rich BH/S1 composites can deliver substantially higher specific energy than graphite-based cells

under realistic balancing, albeit with accelerated degradation that will require further mitigation.

Extending the optimised barley husk-derived hard carbon to sodium-ion cells provided additional
insight into the ion storage mechanisms. The same structural hierarchy that benefited Li storage
also governed Na storage, but Na* insertion shifted the balance towards adsorption-controlled
processes and pore filling, with a more pronounced plateau at low potentials. The Na results
revealed both parallels and differences compared with Li, emphasising the dual role of interlayer
spacing and closed porosity in governing plateau capacity, and confirmed that barley husk-derived
hard carbon is a viable anode for SIBs within the performance range of other biomass-derived hard

carbons.
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9.3. Original contributions

The main original contributions of this thesis are:

e Development of a processing-structure map for barley husk-derived silica/carbon
composites. A systematic carbonisation and ball-milling study established how temperature
and milling duration control interlayer spacing, crystallite thickness, defect density and
pore structure in barley husk-derived materials, supported by Raman, XRD and N

physisorption analysis.

o Identification of an optimised barley husk-derived anode for Li-ion batteries. BH-T1150-
BMO020 was identified as a balanced formulation that combines high reversible capacity,
improved initial Coulombic efficiency, strong rate capability and robust cycling stability,
with its performance quantitatively linked to structural descriptors and kinetic parameters

such as R and D ;+.

o Benchmarking of barley husk-derived anodes against commercial graphite under identical
conditions. A like-for-like comparison in CR2016 half-cells demonstrated that the
optimised barley husk-derived composite can match or surpass the performance of graphite
in terms of capacity and rate capability, while revealing trade-offs in ICE and voltage

profile that are relevant for practical cell design.

e Design and evaluation of silicon-enriched BH/Si hybrid anodes. A family of BH/Si
composites spanning BH-dominated to Si-rich compositions was synthesised and
characterised. The study identified a practical Si loading window and showed that the
barley husk host mitigates some of the typical mechanical and interfacial instabilities of Si

anodes, enabling high capacities in both half- and full-cell configurations.

e Demonstration of barley husk-derived hard carbon as a dual-chemistry anode for Li-ion
and Na-ion batteries. The optimised barley husk-derived hard carbon was evaluated as an
anode for sodium-ion batteries, and its Na* storage behaviour was compared directly with
its Li* behaviour. The work clarified how processing-induced structural features influence
ion storage in both chemistries and positioned the material within the broader family of

biomass-derived hard carbons.
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9.4. Limitations and critical reflection

Three limitations are particularly relevant for interpreting the present results. First, the
electrochemical evaluation was largely conducted in coin-type half-cells with Li or Na metal
counter electrodes. While this configuration is standard for mechanistic studies, it does not capture
all aspects of performance in large-format commercial cells, including electrode thickness effects,
stack pressure and long-term electrolyte degradation. Full-cell experiments were restricted to a
subset of BH/Si composites paired with NMC622, and further validation in a broader range of

practical configurations would be valuable.

Second, although the influence of carbonisation temperature, ball milling and silicon content was
investigated systematically, other parameters such as binder chemistry, electrode calendering and
electrolyte formulation were kept fixed once a suitable baseline was established. Alternative
binders or electrolyte additives might further improve Coulombic efficiency and long-term
stability, particularly for Si-rich composites, but exploring these variables in depth was beyond the

scope of this thesis.

Third, the study relied on ex situ structural and interfacial characterisation at selected states of
charge and cycle numbers. In situ or operando techniques such as XRD, X-ray tomography or
spectroelectrochemistry could provide more direct evidence of phase evolution, SEI dynamics and
mechanical degradation during cycling. Such methods are experimentally demanding, especially
for heterogeneous biomass-derived composites, but would complement and refine the conclusions

reached here.

9.5. Future work

The results presented in this thesis open several avenues for future work. From a materials-design
perspective, the barley husk-derived silica/carbon framework could be further tailored through
controlled activation, templating or heteroatom doping to adjust pore structure and electronic

properties while maintaining mechanical robustness. Optimising the distribution and morphology
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of silicon within the BH host, for example through nanoscale Si deposition or pre-oxidation

strategies, may allow higher Si loadings without compromising stability.

At the electrode and cell levels, there is scope for exploring alternative binder systems, electrolyte
formulations and prelithiation methods to mitigate the low ICE inherent to high-surface-area
carbons and Si-containing composites. In particular, combinations of inorganic-rich SEI-forming
additives, sacrificial salts and mechanical prelithiation techniques could be evaluated to reduce

irreversible capacity losses while preserving safety.

For sodium-ion batteries, further work is needed to refine the balance between interlayer spacing,
closed porosity and surface area in barley husk-derived hard carbons, and to examine their
performance in full cells with sodium layered oxide or Prussian blue analogue cathodes.
Comparative studies across different biomass feedstocks with similar processing protocols would

help to disentangle the roles of precursor chemistry and morphology.

Finally, techno-economic and life-cycle assessments would strengthen the case for these anodes
by quantifying cost, energy demand and environmental impact relative to graphite and synthetic
carbons. Such analyses, combined with continued materials optimisation, could support the case
for integrating biomass-derived Si/SiO./C anodes into future lithium- and sodium-ion battery

technologies.
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