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ABSTRACT 
 The imperative search for alternative materials to address the pressing demand for advance 

energy storage is underscored by the escalating environmental predicaments. Lithium-ion batteries 

(LIBs) with graphite anodes have become the benchmark in energy storage; however, they are 

approaching a saturation point in terms of energy density. Silicon emerges as a promising 

contender to supplant graphite, owing to its profuse availability, cost-effectiveness, and impressive 

specific capacity of 4200 mAh g-1. By integrating silicon anodes, LIBs stand to undergo a radical 

transformation, markedly diminishing in weight and size, thus heralding a novel wave of compact, 

lightweight energy storage systems. Nonetheless, the incorporation of silicon in LIBs is not 

without its share of technical impediments, particularly the volume change (approximately 300%) 

during electrochemical cycling. This volumetric fluctuation can lead to compromised electrical 

contacts and diminishing capacity retention through the battery’s lifespan. 

In the burgeoning realm of sustainable materials, bio-based substances have carved a niche, 

capturing attention for their renewable credentials and the potential for realizing high-value end 

products with minimized ecological footprint. Cellulose, crowned as the planet's most abundant 

biopolymer, can offer a greener approach to synthesizing Si nanomaterials. This study adopts an 

economical and eco-conscious method to develop hollow and porous silicon-based anodes, 

leveraging bio-derived cellulose nanocrystals as a sacrificial template. The resulting silica 

materials unveil remarkable attributes, including enhanced porosity and a hollow structure, 

resulting in an exceptionally high surface area and pore volume when compared to commercial 

products. This research also explores the conversion of silica to elemental silicon while preserving 

the unique templated morphology, yielding SiNQ materials with performance metrics comparable 

to commercially available silicon materials. This approach also addresses and mitigates 
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environmental concerns associated with conventional metallothermic conversion processes. 

Furthermore, we scrutinize the lithium-ion diffusion within SiNQ, whose intricate composition 

encompasses pure silicon, silicon monoxides, and silicon dioxide. Employing GITT, we evaluate 

SiNQ's electrochemical attributes, focusing on kinetic rate constants and transport properties. This 

investigation strives to reconcile the promise of silicon-based anodes with their practical 

deployment in LIBs, advancing towards high-performance, environmentally responsible energy 

storage solutions. 
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Chapter One : INTRODUCTION 

1.1. Motivation 

The growing population and dependence on fossil fuels are overwhelming our supply of a 

finite resource and limiting the availability for future generations. Energy storage devices are 

emerging as a replacement to conventional fuel-based technologies in order to meet emissions 

goals set by world governments subsequently leading to the rapid electrification of the 

transportation sector [1]. With the support of the public and global superpowers, major original 

equipment manufacturers (OEMs) have committed to phasing out internal combustion engine 

vehicles (ICEVs) and committing to all electric line ups [2]. Lithium-ion batteries (LIBs) serve 

as the principal technology for energy storage in battery electric vehicles (BEVs). Currently, 

graphite is the predominant anode material for commercial LIBs due to its low cost, availability, 

superior electrochemical performance, and long cycling stability [3]. LIB electrodes are 

continuously evolving due to demands for higher energy density, especially coming from the 

automotive sectors as the energy density increase will help to improve the range of the vehicle 

while simultaneously allowing the manufacturer to reduce the size and weight of the battery 

component for vehicle performance [4]. Research initiatives are directed on finding alternative 

anode materials that can offer a significantly higher theoretical capacity compared to graphite. 

Table 1.1 summarizes the most promising alloyable metals that are being investigated by 

researchers due to their advantage in gravimetric capacity. Silicon (Si) stands out as the leading 

contender because due to its superior gravimetric capacity (~4200 mAh g-1) compared to other 

elements and graphite anodes (~372 mAh g-1) [5]. Apart from its high theoretical capacity, Si is 

the second most abundant chemical element on Earth, so Si can address concerns regarding 

sustainability. Additionally, Tesla’s acquisition of SilLion Inc, a startup working on the 
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development of commercial high-energy density batteries using Si, has fortified that Si will 

emerge as the next anode material [6]. However, the significant capacity advantage comes at a 

cost. Si-based electrodes experience rapid deterioration owing to the substantial volume 

expansion (around 400%) of Si particles during the process of lithiation [7]. This recurrent 

expansion and contraction cause the fragmentation of Si particles, leading to reduced cycling 

stability as a result of the particles losing electrical connectivity with the current collector [8]. 

However, the commercialization of Si for LIB anodes is still a high priority for researchers and 

industry as the high theoretical capacity can drastically enhance the energy density of LIBs. A 

vehicle batter typically undergoes more than 1000 charging cycles, an estimated 5-10 years, so 

cycling stability of the Si material is an important factor in Si anode battery testing [9]. In the 

early research stages of Si anode testing, electrode half cells are often used as they are easy to 

make and provide insight on the performance of the Si materials. However, full cell testing is 

required to evaluate the full cell performance of Si anodes for a more accurate characterization of 

the material capability. Full cell testing can provide valuable information regarding the battery 

specific energy, specific power, and energy density. 

Table 1.1. Characteristics of lithium-alloying metals from Ref [10]. 

Elements Si Sn Al Ge Bi Sb 

Density (g cm-3) 2.3 5.8 2.7 5.3 9.8 6.7 

Conductivity (S m-1) 1 × 103 9.1 × 106 3.8 × 107 2 × 103 7.7 × 105 2.5 × 106 

Gravimetric Capacity 

(mAh g-1) 
4200 959 993 1600 385 660 
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Volumetric Capacity (mAh 

cm-3) 
9782 7063 2681 8526 3765 4422 

Average potential (V) 0.40 0.50 0.38 0.60 3.3 0.95 

 However, the sole implementation of Si for LIBs is regarded as impractical due to the 

swelling of the battery cells during testing [11]. Various strategies have been implemented to 

suppress the volume expansion of Si materials in pursuit of successful commercialization. 

However, cost considerations are paramount as some of these methodologies may not be 

economically viable at scale. It is posited that for the effective incorporation of Si in LIBs, a 

multifaceted strategy may be adopted to address the challenges posed by volumetric changes. This 

review seeks to underscore several proposed strategies, such as employing porous Si structures to 

offer void spaces for accommodating volume expansion, and the combined use of Si with graphite 

materials. Furthermore, it will delve into the latest advancements in employing Si anodes in full 

cell evaluations, as part of ongoing efforts to achieve viable commercialization capable of fulfilling 

the intense energy requisites of the automotive industry.  

1.2. Key Objectives 

 This review aims to highlight the current strategies for the synthesis of 1-dimensional Si 

structures, detailing the advantages and limitations to each method. Furthermore, examining the 

benefits of porous Si architectures compared to bulk materials and investigate synthesis methods 

for producing porous 1-dimensional structures, with a focus on employing environmentally 

friendly chemical processes. The sol-gel process emerges as a cost-effective and environmentally 

friendly method to synthesize Si-based materials with distinctive geometries. However, the sol-gel 

products will require conversion to elemental Si for LIB applications. This review will examine 
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the prevailing metallothermic reduction technique as a viable method for transforming silica into 

Si and detailing some of the constraints associated with these processes. The two primary 

metallothermic reduction pathways will be highlighted and an extensive review will be completed 

to examine the product performance for LIB applications. Additionally, this review will also 

explore the current approach for the commercialization of Si materials, which include the 

application of carbon coating and graphite co-utilization to effectively balance the enhanced 

capacity with cycling stability. Finally, this review will examine the diffusion kinetics of lithium-

ions within 1-dimensional, porous Si architectures. It will outline the prevailing challenges in 

accurately determining the lithium-ion diffusion coefficients in Si materials, due to the intricate 

properties of alloyable active materials that undergo phase transformations and significant volume 

change. 

From the literature review, the primary goal of this dissertation is to address the existing 

research gap in sol-gel science, metallothermic reduction, and electrochemical modeling. The first 

study aims to introduce a cost-effective and eco-friendly approach for the synthesis of 1-

dimensional Si materials through the sol-gel process. Then, this dissertation will explore the 

challenges and limitations of the metallothermic reduction technique and present a cost-effective 

solution to produce materials that will preserve their 1-dimensional, porous morphology. Lastly, 

given the insufficient research on lithium-ion diffusion kinetics within 1-dimensional, porous 

materials undergoing phase transformations, this work seeks to develop a precise model mirroring 

experimental observations. 
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1.3. Si-based Anodes for Lithium-ion Batteries 

1.3.1. Methods of Fabricating 1D Si Structures 

Numerous techniques exist for creating one-dimensional Si structures suitable for lithium-

ion battery applications, each with its own set of pros and cons. Metal-assisted chemical etching 

(MACE) is a viable method for producing 1-dimensional Si structures. MACE is a popular wet 

chemical etching method due to its advantages of producing high aspect ratio materials while 

simultaneously introducing porosity in a single step [12]. The basic operating principles of MACE 

operates through an initial deposition of metal which is patterned by photolithography for the 

desired structure onto a Si substrate, followed by the subsequent application of a chemical etchant 

to selective etch away the metal-deposited regions [13]. However many of these etchants involve 

combinations of harsh chemicals such as an oxidant (i.e. H2O2) with an acid (i.e. HF, HNO3, or 

H2SO4) which can pose serious safety hazard concerns. To address some of the safety concerns, 

alkaline etchants (i.e. NaOH, KOH, and LiOH) have been adopted, however these etchants have a 

significantly slower etching rate compared to acid etchants [14].  

 The Vapor-Liquid-Solid (VLS) mechanism facilitates the growth of Si nanowires (NWs) 

through the catalysis of metal droplets, predominantly gold. This process leverages the self-

assembly properties of Si vapor, which are drawn to the metallic atoms to form a eutectic liquid 

phase that subsequently solidifies into NWs [15,16]. VLS is recognized as the principal mechanism 

for Si NW growth, with several methodologies employing its principles. Among these, Chemical 

Vapor Deposition (CVD) stands out as a notably prevalent method for NW synthesis, utilizing 

volatile gaseous Si precursors as the primary material source [17]. Nevertheless, the application of 

VLS methodologies is not without its drawbacks. The elevated temperatures requisite for these 

processes can promote Ostwald ripening, leading to the coalescence of smaller particles into larger 
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aggregates [18]. Such temperatures may also result in the encapsulation of catalytic metal within 

the Si NW structure, potentially compromising material purity [19,20]. Moreover, the CVD 

process is critiqued for its environmental and industrial feasibility concerns, primarily due to the 

substantial generation of solvent waste [21].  

Dry etching employs gaseous or plasma-phase etchants, including ions, photons, and 

electrons, to facilitate material removal through collisions with the substrate within a specialized 

chamber or vacuum environment [14]. Techniques such as focused ion beam (FIB), wherein 

gallium ions serve as the etching medium to meticulously sculpt the Si substrate, exemplify this 

approach [22]. While dry etching presents significant potential for fabricating intricate three-

dimensional configurations, its scalability is constrained by extended processing durations for 

larger structures, thus posing a challenge for broad-scale application. 

1.3.2. Methods for Producing Porous Si Materials  

The slow diffusion of lithium-ions through solid bulk materials impedes the mass transport 

of Li-ions, which consequently impacts the rate capabilities of Si materials [23,24]. One effective 

strategy is to manipulate the morphology of electrode materials. By amplifying the surface area of 

these materials, there is a consequent increase in the electrode/electrolyte interface, which fosters 

a greater number of pathways for lithium-ion diffusion. This augmentation in diffusion pathways 

facilitates lithium ion transfer during charging and discharging, which is pivotal for optimizing 

battery performance [23]. Furthermore, the ample free volume present within porous materials has 

the capacity to accommodate the volumetric changes that transpire during the battery's charge and 

discharge cycles. This not only enhances the efficiency of the battery but also contributes to its 

structural integrity and cycling stability. 
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Li et al. investigated the implications of porosity by engineering a large mesoporous Si 

sponge (MSS) derived from a Si wafer through an electrochemical etching technique [25]. The 

resultant MSS architecture boasts a highly porous nature, characterized by an average pore 

diameter of 50 nm, and is encased by slender crystalline Si walls. In-situ TEM experiments were 

performed to examine the material expansion after full lithiation, shown in Figure 1.1. Following 

lithiation, the MSS experienced a modest elongation of 7.9% in length and a 13.1% increment in 

width. When the electrochemical performance of the MSS anode was assessed in juxtaposition 

with a lithium metal chip serving as the cathode, it was revealed that the battery was capable of 

delivering a capacity of 750 mAh g-1 and exhibited a capacity retention of 80% over the span of 

1000 cycles.   

Ge et al. utilized theoretical simulation to better understand the structural stability of Si 

with porous structures ranging from 1-9 nm in diameter [26]. The authors discerned a pattern, 

observing that as the size of the prelithiated pores diminished, the stress surrounding these pores 

escalated, culminating in the fracturing of the material. Through simulations, they deduced that 

structures with smaller initial pore sizes and a reduced pore volume contribute to the highest degree 

of material stress. To corroborate the findings from their simulations, they conducted experimental 

assessments. Porous Si nanowires were fabricated employing a boron-doped Si wafer, which 

exhibited an average pore diameter of 10.5 nm. The batteries maintained a capacity of 1000 mAh g-

1 after 2000 cycles at 1 C rate.  

 Shen et al. conducted a study examining the electrochemical performance of porous Si 

nanoparticles in contrast to commercially available non-porous Si nanoparticles [27]. They 

employed in-situ transmission electron microscopy (TEM) to observe changes in material volume 

post-lithiation. The porous Si nanoparticles underwent a volume change of 145% upon complete 
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lithiation, in contrast to the substantial volume change of 429% exhibited by the solid Si particles. 

Furthermore, for the solid Si particles, the nucleation and progression of cracks were evident post-

lithiation, while the porous counterparts remained structurally unscathed. Nonetheless, the authors 

highlighted a drawback associated with high surface area Si nanomaterials, which is the 

pronounced formation of a solid electrolyte interface (SEI) on the surface. This results in capacity 

fading, particularly discernible in the early cycles of Si anodes. Due to the SEI formation, porous 

Si materials should be combined with coatings to mitigate excessive SEI formation. 

 

Figure 1.1. In-situ TEM of the lithiation of mesoporous Si sponge material [25] 

Although porous structures are beneficial for battery performance and cycling stability, 

the methodologies currently employed for the creation of these porous materials have elicited 

safety concerns. Specifically, the utilization of hydrofluoric acid and nitric acid in the synthesis 

process poses risks due to their corrosive and toxic nature [28–30]. The handling of such 

chemicals necessitates stringent safety protocols and has the potential for environmental impact. 

As such, there is a growing demand for alternative, more benign methods of porous material 

synthesis that circumvent the use of these hazardous substances. The sol-gel process emerged as 

the prominent technique for the fabrication of materials with organized topologies, through the 

utilization of templates to guide and shape the resulting morphology [31,32]. The materials 
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synthesized through the sol-gel method can encompass a diverse array of shapes, sizes, and 

porosities, with Si dioxide (SiO2) as their principal chemical composition. However, an 

imperative step in harnessing SiO2 materials for such applications is the conversion of SiO2 to 

elemental Si, which is achieved through metallothermic reduction. 

1.3.3. Metallothermic Reduction of Silica 

Within the realm of metallothermic reduction, various methodologies can be discerned, 

including carbothermic, aluminothermic, and magnesiothermic reduction. [14]. It is crucial to note 

that carbothermic reduction is encumbered by the requirement of extremely elevated temperatures, 

often exceeding 1800 °C, for the initiation and sustenance of the pertinent chemical reactions [33]. 

In contemporary research, the predominant methods for conversion are aluminothermic and 

magnesiothermic reduction, attributed to the relatively lower temperatures at which these reactions 

can proceed. These approaches come with both benefits and drawbacks. The aluminothermic 

reduction method transforms silica into elemental Si with aluminum serving as the reducing agent. 

Employing metallic aluminum for this reduction necessitates extremely high temperatures (≥700 

°C) and often reduction reaction is hindered by the formation of Al2O3 byproduct [34]. To 

circumvent the challenge of high temperatures, molten salts have been utilized, which can 

drastically lower the reduction temperature to range from 150 – 300 °C. A detailed finding of Si 

materials produced via aluminothermic reduction are summarized in Table 1.2.  
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Table 1.2. Summary of electrochemical cycling performance of Si anodes produced from 
aluminothermic reduction 

Precursor 
material 

Al reduction 
conditions 

Reversible 
capacity 

(mAh g-1) 

Capacity 
Retention Ref 

Nano silica 
Ball mill for 10 h 

(150 - 180 °C) 
1994 

40.3% after 
400 cycles 

[35] 

Hollow silica 
microsphere 270°C 4003 

32.9% after 
100 cycles 

[36] 

Porous rice 
husk 

700 °C at a rate of 
10 °C/min for 2 h 3096.6 

38.9% after 
200 cycles 

[37] 

Porous silica 210 °C for 16 h 2100 
76% after 
250 cycles 

[38] 
Porous 

silica@C 220 °C for 16 h 1950 
89% after 
250 cycles 

Porous silica 
nanosheets 350 °C for 12 h 1269 

72% after 
300 cycles 

[39] 

Diatomite 

250 °C for 12 h 1097.3 
80.6% after 
200 cycles 

[40] 

300 °C for 12 h 1888.7 
70.4% after 
200 cycles 

The use of aluminum salts as a thermal management strategy in aluminothermic reduction 

is well-established, with research exploring various salt mixtures, including ZnCl2 [37] 

ZnCl2/AlCl3 [38], NaCl/AlCl3 [39], AlCl3 [36,40], and NaCl/KCl/AlCl3 [35].  Research by Ning et 

al. highlighted that the molten salts serve as a reaction medium facilitating close contact between 

reactants [41]. Furthermore, the salts can also participate in the reaction process. For procedures 

where maintaining the original morphology is not essential, high-energy ball milling and elevated 



11 
 

temperature conditions are viable methods for converting silica to Si [35,37]. However, for 

specifically engineered templated structures, a lower reaction temperature is preferable. Mishra et 

al. observed morphological decomposition even at a reduction temperature of 210 °C, but this 

effect was almost entirely mitigated by introducing a carbon pre-coating to the porous SiO2 (p-

SiO2) before the reduction process [38]. Moreover, the battery constructed with the carbon-coated 

material demonstrated enhanced capacity retention. There appears to be a balance between the 

extent of conversion, which correlates with the temperature conditions, and the resultant battery 

performance. Dengke et al. explored two temperature scenarios (250 °C and 300 °C) and 

discovered that the higher temperature led to a more thorough conversion of silica to Si, as 

evidenced by XRD analysis [40]. While the material synthesized at the higher temperature 

exhibited a greater initial capacity, it also experienced a decline in capacity retention. 

Alternatively, magnesiothermic reduction has garnered considerable attention within the 

research community. The Si-based materials synthesized via this particular reduction approach 

have been subjected to scrupulous investigation pertaining to their performance in batteries. A 

comprehensive compilation of the findings is encapsulated in Table 1.3. This focus on 

magnesiothermic reduction signifies its potential importance in the development of high-

performance battery materials. The table incorporates an array of mesoporous SiO2 materials, 

which are synthesized through sol-gel processes and subsequently converted to Si via 

magnesiothermic reduction. Numerous reports indicate that the morphological integrity of the 

initial material remains intact even when subjected to elevated temperatures [42–44]. A detailed 

investigation by Bao et al. involved examining the morphological features of silica diatom 

frustules via SEM, followed by assessing the materials post-magnesiothermic reduction at 650 °C 
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for 2 hours [45]. Their findings reveal minimal morphological deviation from the original 

structure, most notably the pores remained intact. 

Table 1.3. Summary of electrochemical cycling performance of Si anodes produced from 

magnesiothermic reduction 

Starting material Mg reduction 
conditions 

Reversible 
capacity 

(mAh g-1) 

Capacity 
Retention Ref. 

SBA-15 660 °C for 5 h 350* 50% after 50 
cycles* 

[42] 
SBA-15 coated in 
carbonized sucrose 660 °C for 5 h 1200* 87.8% after 

50 cycles* 

Si nanotube 660 °C for 3 h 1545 65% after 90 
cycles* [43] 

SBA-15 coated in 
carbonized sucrose 660 °C for 5 h 1492 63% after 50 

cycles [44] 

Si/SiO2:C (1:1) 700 °C for 5 h 685.8 75.9% after 
50 cycles 

[46] 
Si/SiO2:C (1:4) 700 °C for 5 h 438.9 95.5% after 

50 cycles 

Silica-gel on Graphene form 
Si/graphene 675 °C for 8 h 1743 78.8% after 

120 cycles [47] 

Silica from rice husk 650 °C for 7 h 2294 57.1% after 
100 cycles [48] 

SiO2 nanosphere 700 °C for 6 h 2980 73.8% after 
50 cycles [49] 

SiO2 (15 nm) 700 °C for 2 h 1866.2 37.2% after 
100 cycles [50] 

MCM-41 650 °C for 7 h 1757 68.3% after 
100 cycles [51] 

Glass fiber coated with 
carbon 600 °C for 5 h 1059 47.3% after 

150 cycles [52] 

Distinguishing the impacts of magnesium and aluminum reductions proves challenging, as 

each method presents its own set of compromises. Aluminothermic reduction operates at lower 
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temperatures yet requires prolonged reaction times, whereas magnesiothermic reduction benefits 

from markedly shorter reaction durations despite the higher temperatures. Lai et al.'s 

comprehensive comparative study highlighted significant chemical and physical differences 

between products obtained via two distinct reduction methods [53]. Intriguingly, when subjected 

to equivalent processing temperatures, the Si-based materials derived through aluminothermic 

reduction demonstrated a markedly diminished surface area in contrast to those produced via 

magnesiothermic reduction, registering surface areas of 6 m² g⁻¹ and 260 m² g⁻¹, respectively. This 

stark contrast in surface area highlights the differential efficacies of the two reduction pathways 

and offers valuable insights for the strategic selection of reduction techniques. The data presented 

therein underscores the viability of employing these methodologies as an environmentally friendly 

and economically feasible avenue for the production of Si materials tailored for use in LIB anodes.  

The main challenge with magnesiothermic reduction involves the use of salts, such as 

NaCl, as heat sinks due to their heat dissipative properties through fusion or melting (ΔHfusion =  

28.8 kJ mol-1), which requires very high temperatures up to 800 °C—a condition not typically 

reached in the conditions outlined in Table 1.3. A notable deficiency in current scholarly 

understanding pertains to the exploration of heat dissipation mechanisms beyond the conventional 

reliance on fusion temperatures. This gap in knowledge raises critical questions regarding the 

potential impact of alternative thermal management strategies on the morphological and 

compositional attributes of Si-based materials produced via magnesiothermic reduction. 

1.3.4. Carbon Coating 

Carbon coatings are often applied to help mitigate excessive SEI formation, while 

simultaneously providing mechanical support and conductivity. There are many approaches to 

carbon coating including solution-based mixing, hydrothermal carbonization (HTC), chemical 
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vapor deposition (CVD), and polymer coating [54]. However, due to the various carbon precursor 

options and treatment methods, the optimization of the carbon outer layer is necessary for 

commercialization, and a detailed summary of the effects on electrochemical performance is listed 

on Table 1.4. Xu et al. investigated the performance of commercially available solid Si 

nanoparticles with and without carbon coating [55]. The carbon layer was achieved by using 

polyvinylidene fluoride (PVDF) followed by high temperature carbonization at 550, 750, and 950 

°C. The carbon coatings treated at 550 and 750 °C resulted in a predominantly amorphous 

structure, whereas the 950 °C treated carbon possessed a predominantly graphitic structure. The 

750 °C treated material and uncoated Si material was investigated using in-situ TEM, shown in 

Figure 1.2 , where the red arrows indicate the severe cracking of Si nanoparticles in the uncoated 

Si materials and a more moderate pulverization of the carbon coated Si nanoparticle. Additionally, 

the in-situ TEM showed that the lithiation occurred faster in the carbon coated structure attributed 

to the materials increased conductivity. For electrochemical testing, the Si/C-750 electrode has a 

capacity retention of 84% after 50 cycles; however the long term cycling stability was not 

considered. When compared to the other materials treated at 550 and 950 °C, the order of 

increasing battery performance is Si/C-550, Si/C-950, and Si/C-750. However, this study reveals 

that applying carbon coating techniques alone will not be sufficient to reduce Si pulverization. 

Additionally, the study also revealed that the carbonization temperature affects the physiochemical 

properties of carbon and ultimately the battery performance. The same observation was observed 

in another study with carbon coated commercial Si nanoparticles pyrolyzed at 300, 400, and 500 

°C using the spray pyrolysis technique [56]. The discharge capacity after 100 cycles were reported 

at 10, 288, 1120, and 116 mAh g−1 for bare Si, 500, 400, and 300 °C, respectively. The authors 
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speculate that the 400 °C treatment offers the most optimal carbon weight content, however the 

coating properties should be explored further.  

 

Figure 1.2.  In-situ TEM shows the lithiation of bare Si (a-d) and Si with carbonized PVDF 

coating (e-h). The red arrows indicate crack propagation [55]. 

Another factor to consider is the type of carbon precursor for the coating. Qi et al. 

investigated two different types of carbon precursors, pitch and phenolic resin, both carbonized at 

the same temperature of 900 °C [57]. Despite the same temperature treatment, the carbon obtained 

from the different precursors are drastically different. After carbonization, the pitch had a carbon 

content of 25%, while the phenolic resin carbon content was 23%. The carbon layer thickness 

ranges from 90-180 nm for pitch and 60-170 nm for phenolic resin. The functional groups were 

analyzed for both coating and concluded that both possess very similar proportions of functional 

groups. From high resolution TEM images, the pitch carbon structure is comprised of turbostratic 

short-range ordered carbon, whereas the phenolic resin structure is comprised of  amorphous 

carbon. There is also a drastic difference in surface area: 4.1 m2 g−1 for pitch and 363.8 m2 g−1 for 
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phenolic resin. From the battery testing results, the capacity of the pitch coated Si was double that 

of the phenolic resin and the pitch coated Si had superior capacity retention as well. To investigate 

the failure mechanism, the authors analyzed the electrode thickness after electrochemical cycling, 

the phenolic resin electrode thickness increased by 140%, whereas the pitch electrode only 

increased by 88%. Similarly, Lui et al. investigated carbon precursors including pitch, 

polyethylene glycol (PEO), resin, polyethylene (PE), polyvinyl chloride (PVC), chlorinated 

polyethylene (CPE), sucrose, and polyvinylidene fluoride (PVDF) [58]. The authors investigated 

the electrochemical performance of the listed carbon coatings and concluded that the order of 

increasing capacity retention is resin, sucrose, PVDF, PEO, PE, PVC, and lastly CPE.   

Qi et al. investigated the effect of the carbon thickness using commercially available Si 

nanoparticles [59]. They employed a facile CVD process and used C3H6 as the carbon precursor 

with increasing deposition times (10, 15, 25, 40, and 60 minutes) for increasing carbon thicknesses 

(0.8, 1, 2.4, 6.07, and 9.73 nm, respectively). The electrochemical performance was analyzed for 

all carbon thicknesses and determined that the 1 nm carbon coated Si outperformed the other 

materials, it possessed a specific capacity of 1759 mAh g−1 at 0.5 C rate after 500 cycles. The 

composite material with the largest carbon thickness, 9.73 nm, performed the worst out of all of 

the materials tested including bare Si. After determining the best performing structure, the Si/C 

structure with 1 nm carbon coating was evaluated in a full cell configuration paired with an NMC 

cathode. The full pouch cell achieved a capacity of 32.4 mAh and capacity retention of 68.9% after 

500 cycles at 1 C rate. However, the volume expansion of the pouch cell during battery cycling 

was not investigated by the authors.  

Lu et al. explored the electrochemical performance of carbon coated porous Si in the full 

cell configuration [60]. The authors fabricated porous silica nanoparticles using the cost-effective 
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Stöber method followed by magnesium reduction to convert the silica to elemental Si, and lastly 

coated the porous Si with carbon using the CVD method. For half-cell testing, porous Si was 

compared to carbon coated porous Si, or porous Si/C. The porous Si/C retained a high discharge 

capacity of 1424 mAh g−1 after 600 cycles at 4 A g−1, while the bare porous Si exhibited a gradual 

capacity fade to 504 mAh g−1 after 600 cycles. For full cell testing, the porous Si/C materials 

showed a discharge capacity of 85 mAh g−1 after 200 cycles, which equals to an 88.5% capacity 

retention. Xu et al. also investigated porous Si/C structures and fabricated their porous Si 

microspheres using the Stöber method and then applied a carbon coating using CVD [61]. The 

resulting composite structure was 17.5 wt% carbon. They performed in-situ TEM analysis of their 

mesoporous Si/C composite materials and reported an 85% increase in volume after lithiation. 

Additionally, when comparing the in-situ TEM results for commercial Si nanoparticles, 

commercial Si/C, and mesoporous Si/C, the crack initiation was observed and recorded on Figure 

1.3. The crack initiation occurred sooner for the bare commercial Si materials compared to the 

carbon coated commercial Si. However, even with the carbon coating on the commercial Si, the 

volume expansion was equal to bare commercial Si. We can conclude that carbon coating methods 

are only favorable when combined with porous structures.  

 



18 
 

 
 
Figure 1.3. The volume expansion of neat commercial Si, commercial Si/C, and mesoporous Si/C 

observed under in-situ TEM and the recorded crack initiation time [61].
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Table 1.4. Summary of Si anode performance with various carbon coating methods on commercial Si nanoparticles and porous Si 

particles in half cell and full cell configurations. 

Active material Si source Carbon source Counter 
electrode 

Current 
Density 

Initial 
discharge 

Capacity 
Retention  Ref 

Si/C Commercial 
nps PVDF (750 °C) Li metal 1C 2382 mA h g−1 84% after 50 

cycles [55] 

Si (100 nm) Commercial 
nps none Li metal 0.2 A g−1 3229 mA h g−1 ~39% after 

500 cycles 

[59] Si/C 
(3.68 C wt%)  

Commercial 
nps C3H6 (CVD) Li metal 0.2 A g−1 2929 mA h g−1 61% after 500 

cycles 
Si/C 

(3.68 C wt%) 
Commercial 

nps C3H6 (CVD) NMC662 1 C 47 mAh 68.72% after 
500 cycles 

Porous Si/C Stöber 
method none Li metal 4 A g−1 ~1250 

mA h g−1 
40.3% after 
600 cycles [60] 

Porous Si/C Stöber 
method 

Acetylene (800 °C, 
CVD) Li metal 1 A g−1 1102 mA h g−1 89.84% after 

1000 cycles [61] 

Si/C Commercial 
nps Grafted-PAA NMC811 0.1 C 2.34 mAh cm−2 70% after 100 

cycles [62] 

Porous Si/C Stöber 
method 

resorcinol formaldehyde 
(800 °C) Li metal 50 mA g−1 1637 mA h g−1 64.4% after 

100 cycles 
[63] 

Porous Si/C Stöber 
method C2H (800 °C, CVD) Li metal 4 A g−1 ~2000 

mA h g−1 
71.2% after 
600 cycles 



20 
 

Porous Si/C Stöber 
method C2H (800 °C, CVD) LFP 1 C 95.8  mA h g−1 88.5% after 

200 cycles 

Si Commercial 
nps none Li metal 2.6 A g−1 3250 mA h g−1 0% after 200 

cycles 
[64] 

Porous Si/C Stöber 
method 

2,3-
dihydroxynaphthalene 

(800 °C) 
Li metal 2.6 A g−1 1467 83% after 370 

cycles 
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1.3.5. Graphite Utilization 

Due to the volume expansion of the Si material during lithiation, implementing a high mass 

loading of Si as the primary active material is still not possible without severe battery swelling. 

Most Si anodes tested without graphite co-utilization have not shown high areal capacity or 

volumetric capacity, primary attributed to the volume change leading to the loss of electrical 

contact [65]. To fabricate graphite/porous-Si anodes researchers have investigated many 

fabrication processes. Li et al. fabricated graphite/Si anodes by applying the primary design goals: 

improve specific capacity (>372 mAh g−1), achieve long-term cycling stability (targeting >80% 

capacity retention after 500 cycles), improve volumetric capacity (550 mAh cm−3), and suppressed 

electrode swelling to 10% [66]. The porous Si materials were prepared by chemical etching of Si 

wafter, followed by carbon coating using CVD method. The porous Si/C to graphite ratio in the 

slurry was maintained at 1:2 and 1:3. Better cycling stability was observed for the Si/C:graphite 

(1:3) with a capacity retention of 87% after 450 cycles and 83% after 535 cycles. The Si/C:graphite 

(1:2) areal capacity was 16.67% greater compared to the ratio of 1:3. The swelling of the (1:2) 

electrode was observed under SEM before and after cycling. The Si/C:graphite (1:2) electrode 

swelled 20% after lithiation. They also observed that the standard calendaring process, applied to 

most slurry coatings to increase density, does not affect the structural stability of the porous Si/C 

materials. The Si/C:graphite (1:2) anodes were demonstrated in a full cell battery using NMC as 

the cathode. The full cell did not meet their capacity retention goal with 84% after 300 cycles, but 

the swelling of the pouch cells was not investigated. It is noteworthy that analogous strategies, 

involving the utilization of graphite, have been investigated and integrated with porous Si-based 

materials in an effort to enhance both the capacity and capacity retention of batteries. A 
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compilation of these findings is systematically presented in Table 1.5. It can be asserted that the 

synergistic integration of carbon coatings, porous electrode architectures, and amalgamation with 

graphite manifests in a marked enhancement in the capacity retention of LIBs, as compared to the 

standalone Si-based anodes depicted in Table 1.4. 
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 Table 1.5. Electrochemical performance of composite Si/graphite anodes in half cells and full cells 

Active material Si 
(wt%) 

Mass 
loading 

(mg cm-2) 

Counter 
electrode 

Mass 
loading  

(mg cm-2) 

Reversible 
capacity 

(mAh g-1) 

Capacity 
retention Ref 

CVD of Si on graphite nps then 
coated with acetylene 

7.6 
- NMC 18.5 

~10 mAh 81.9% after 
200 cycles 

[67] 
CVD of Si on graphite nps then 

coated with pitch 6.9 ~10 mAh 66% after 200 
cycles 

Commercial Si (300 nm) and 
Graphite 15 1.2 Half cell (Li chip) 709 68% after 50 

cycles [68] 

Graphite/Si nps/Amorphous C 
(72/10/18) 8 0.85 Half cell (Li chip) 542.9 94.9% after 

100 cycles [69] 

Porous Si coated with Carbon 
(sucrose) mixed with graphite 

(1:1) 
13.5 1.65 Half cell (Li chip) 985.7 75% after 50 

cycles 
[70] 

Porous Si (etched wafer) coated 
with Carbon (CVD) mixed with 

graphite (1:2) 
33 

~2 

Half cell (Li chip) 

650 82% after 450 
cycles 

[66] 
Porous Si (etched wafer) coated 
with Carbon (CVD) mixed with 

graphite (1:3) 
25 610 87% after 450 

cycles 

Porous Si (etched wafer) coated 
with Carbon (CVD) mixed with 

graphite (1:2) 
33 NMC - 

~3 mAh 
(~1500 
mAh/g) 

84% after 300 
cycles 
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Boron doped porous Si /CNTs 
then ball milled with graphite 

(10 wt% Si/CNT) 
8.5 5.1 Al-doped 

LCO 12 180 82.5% after 
300 cycles [71] 

Silica nanotube (CVD) - 1.0 Half cell (Li chip) 3247 89% after 200 
cycles 

[72] 

CNT@Si@C from Al reduction 66 - Half cell (Li chip) ~1900 
87% after 1500 

cycles 
[73] 

CNT@Si@C from Al reduction 66 - NMC - 2850 92% after 500 
cycles 

Nano-Si (50 nm) and graphene 
composite made by GO 

suspension 

100 - 

Half cell (Li chip) 

3170 13% after 30 
cycles 

[74] 
55 - ~3100 ~26.1% after 

30 cycles 

45 - ~2530 70% after 30 
cycles 

40 - ~2380 78% after 30 
cycles 
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Sung et al. investigated Si coated graphite particles in pouch cells and larger prismatic cells 

[75]. Si was coated onto graphite via CVD followed by another carbon coating on the surface and 

the resulting material has a Si weight loading of 63.1%. The electrochemical performance of the 

pouch cell and prismatic cell is summarized in Figure 1.4. From the pouch cell results, the 

graphite/Si/C (carbon coated) achieved superior cycling retention of 80.3% after 500 cycles 

compared to the non-coated graphite/Si with only 57.6% retention after 500 cycles. In the 110 Ah 

prismatic cell, the graphite/Si/C materials was able to provide a 91.24% capacity retention after 

2875 cycles. The graphite/Si/C pouch cell reported a volume expansion of 13.8% at the first cycle, 

however the volume expansion was not reported for the prismatic cell. 

 Fortunately, Chae et al. investigated the swelling of the pouch cell stack with increasing Si 

loading [11]. Shown in Figure 1.5, are the extent of pouch swelling and the linear relationship 

between swelling, energy density, and specific capacity. Ideally, swelling should be reduced in 

order to prevent the bulging of the battery pack. However, there are many factors to consider with 

electrode swelling. Different active materials may provide porosity to accommodate the swelling. 

Additionally, the swelling becomes more pronounced in the full cell.  

Profatilova et al. investigated the impact of the calendaring process on graphite/Si anodes 

containing 7 wt.% Si [76]. Composite anodes denoted as 30% “porosity” has a density of 1.55 g 

cm-3 and 40% “porosity” has a density of 1.3 g cm-3. The calendared anodes were tested using a 

18650 cylindrical cell. The capacity retention for 30% porosity is 95% after 225 cycles, and 84% 

capacity retention after 225 cycles for 40% porosity. Additionally, the 40% porosity battery 

experienced a swelling of 21% after 347 cycles. Similarly for other full cell testing, Lee et al. 

observed a 16% volume change for graphite/Si/C anodes containing 10 wt.% Si [77], and Jia et al. 
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reported a 20% initial volume change in graphite/Si/CNT anodes containing around 19 wt.% Si 

[73].  

 

Figure 1.4. Electrochemical performance of graphite coated with Si layer in pouch cell and 

prismatic cell [75] 

 
 

Figure 1.5.  Electrode swelling with increasing Si weight fraction [11] 
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1.3.6. Lithium ion Diffusion Kinetics 

Graphite was first introduced as the primary anode material for LIBs in 1983, as 

documented by Yazumi and Touzain [78]. The electrochemical process facilitating lithium-ion de-

/intercalation within graphite is highlighted in Figure 1.6. The graphite provides a stationary 

carbon framework of graphene layers stacked in the typical ABABA configuration, which can 

accommodate lithium-ions to achieve the maximum configuration of one lithium-ion for six 

carbon units (LiC6) equivalent to a theoretical capacity of 372 mAh g-1 or a volumetric capacity 

of 850 mAh cm-3 [79]. Intercalation-type materials offer a highly stable capacity with minimal 

volume expansion (<10%), and the first cycle irreversibility remains relatively low [80,81]. 

However, the main disadvantage of intercalation-type host materials is the capacity, which is 

limited due to the number of available interstitial sites for lithium ion accommodation [82].  

 

Figure 1.6. Schematic of the primary models of lithium intercalation: (a) Rudorff model and (b) 
Daumus-Herold model  [83] 
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Alternatively, alloying materials are not constrained by the host’s atomic framework to that 

of intercalation materials. Alloying materials, popularly Si, undergoes drastic structural and phase 

change when accommodating the Li host allowing for higher lithium concentration of Li22Si5 

equating to a theoretical capacity of 4200 mAh g-1 [84]. Li-Si alloying involves a chemical reaction 

and undergoes a phase transformation, converting crystalline Si into an amorphous LiXSi phase 

resulting in approximately a 310% volume change [85]. This substantial alteration in volume is a 

crucial factor to consider when analyzing the structural integrity and performance durability of Si-

based anodes. An in-situ analysis showing this phase transformation can be seen in Figure 1.7, the 

delineation between lithium-free phase (α phase) and the Li-Si phase (β phase) are separated by a 

moving boundary (represented similarly as the dotted line in the figure) [86]. The lithium ions will 

diffuse into the interior of the Si particle, continuing their diffusion path until reaching the particle's 

center. This significant volume change is a crucial aspect to assess when evaluating the structural 

stability and longevity of Si-based anode materials in lithium-ion batteries. 

 

Figure 1.7. Lithiation of crystalline Si nanoparticle, showing the transition from crystalline 

phase (c-Si) to amorphous Si phase (a-LiXSi) [87] 

 Important note for host materials for lithium de-/intercalation is the evaluation of a 

materials electroactive transport characteristics, specifically the kinetics of lithium ion diffusion 
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[88]. The galvanostatic intermittent titration technique (GITT), a highly regarded and extensively 

employed electrochemical analysis method, plays a pivotal role in studying the kinetics of lithium 

ions in LIBs [89]. The GITT method involves applying successive current pulses interspersed with 

periods of relaxation. The schematic figure in Figure 1.8 details the process, where the assembled 

battery begins at equilibrium (showing constant voltage) followed by an applied current pulse 

(labeled b in the image) in which the corresponding voltage response (labeled c in the image) is 

recorded. The battery is subjected to a series of current pulses until fully discharged and charged.  

 

Figure 1.8. Schematic diagram of the GITT procedure showing the current pulse, the 

corresponding voltage response, and illustrations detailing the movement of ions in the battery 

[89] 

The experimental data derived from GITT necessitates the formulation of mathematical 

models and equations for interpretation in order to elucidate the kinetics of lithium ion diffusion. 
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The mechanisms governing electrochemical reactions can all be tied to Fick’s law of diffusion 

[90,91]: 

 𝐽𝐽 = −𝐷𝐷 𝛻𝛻𝛻𝛻 ( 1 ) 
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where 𝐼𝐼 is the current pulse magnitude, 𝑉𝑉𝑚𝑚 is the molar volume of the active material, 𝐹𝐹 is 

Faraday’s constant, 𝐹𝐹 is the active area of the electrode, 𝑈𝑈0 is the open circuit potential, 𝑑𝑑 

represents the state of charge, 𝑉𝑉 is the voltage during the current pulse, 𝑡𝑡 is time or length-scale of 

the current pulse, 𝑅𝑅 is the diffusion length, and lastly 𝐹𝐹, 𝑑𝑑𝑈𝑈
0

𝑑𝑑𝑑𝑑
,  𝑎𝑎𝑎𝑎𝑑𝑑 𝑑𝑑𝑑𝑑

𝑑𝑑√𝑡𝑡 
 are obtained from 

experimental data [90]. The modified diffusion coefficient equation is frequently cited in literature 

for evaluating lithium kinetics through electrode materials as summarized in Table 1.6. However, 

this diffusion equation should not be used for Si materials because the equation was derived for 

one-dimensional diffusion and fails to account for phase transformation, multi-dimensional 

diffusion paths, and stress related factors [91]. It is crucial to acknowledge that for Si materials, 

considerations must extend to phase transformations during lithiation and delithiation processes, 

as well as mechanical stresses associated with significant volume expansion. These aspects are 

intended for exploration in a future chapter. 
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Table 1.6. Summary of lithium ion diffusion calculation approaches 

Anode material Diffusion 
Calculation Modeling Approach Ref 

SiO nanoparticles 
(<80 nm) Eq. 1 - [92] 

Si nanoparticles Eq. 1 - [93] 

Si nanoparticles Eq. 1 - [94] 

Si nanoparticles  
(50 -100 nm) Eq. 1 - [95] 

Porous 3D Si Eq. 1 - [96] 

LFP 
Mix control phase 

transformation 
equation 

Phase change and 
interfacial moving 

boundary 
[91] 

NMC Eq. 1 Mechanical stress 
effect [97] 

LFP 
Mix control phase 

transformation 
equation 

Mechanical stress 
effect [98] 

 

1.4. Summary   

This review detailed the current strategies for the synthesis of 1-dimensional Si structures, 

emphasizing the sol-gel process as a cost-effective and environmentally friendly method to 

synthesize Si-based materials with distinctive geometries. Then examining the two primary 

metallothermic reduction pathways. Followed by an investigation into lithium-ion diffusion 

kinetics within 1-dimensional, porous Si architectures. Furthermore, the review accentuates 

strategies for commercializing Si materials, particularly focusing on the integration of carbon 

coatings and the co-utilization of graphite to balance the increased capacity with cycling stability. 
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An analysis of carbon coating techniques and graphite co-utilization revealed that these methods 

are essential for the commercial success of Si anodes. Building on this insight, these approaches 

will be applied in this dissertation to study the electrochemical performance using the methods 

established at Argonne National Laboratory [99]. 

From the literature review of Si anodes for LIBs, there are three key research gaps 

highlighted in the above text. This review provided a detailed examination of various fabrication 

techniques for 1-dimensional Si structures and assesses their respective advantages and limitations. 

A central goal is to identify a method that significantly lowers the initial industrial costs and 

employs safer, less toxic chemical processes. The investigation into the processes spotlighted the 

current capabilities of sol-gel synthesis for LIB applications. There is a research gap in the 

understanding of the key parameters within the sol-gel process that led to a high surface area and 

porous silica materials utilizing bio-templates, specifically CNCs. This dissertation aims to pioneer 

an environmentally friendly production of 1-dimensional Si structures from CNCs, to address the 

significant issue of volume expansion inherent to these materials. An essential part of this 

investigation involves examining the transformation of silica into elemental Si through 

metallothermic reduction. There is a research gap in heat dissipation strategies for magnesium 

reduction and how these strategies influence the morphological and compositional characteristics 

of the resulting Si-based products. This dissertation will conduct a comprehensive investigation 

into the structural and chemical properties of Si materials obtained through magnesiothermic 

reduction utilizing graphite as a heat sink due to their superior thermal diffusivity [100]. The goal 

of this study is to maintain the templated morphology from the sol-gel process. Furthermore, this 

study delves into evaluating the electrochemical performance of these Si materials, focusing on 

their integration in conventional battery architectures (i.e. graphite co-utilization). Lastly, an in-
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depth understanding of lithium-ion kinetics within the novel Si structures produced in this 

dissertation is required due to the absence of an accurate electrochemical models for 1-

dimensional, porous Si architectures. There is a research gap in the GITT modeling approach due 

to the absence of an electrochemical model that factors in material geometry, mechanical stress 

arising from volume alterations, and Si phase transformation. This comprehensive approach aims 

to enhance our understanding of Si-based materials’ behavior in battery applications, ultimately 

improving their performance and sustainability. 
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Chapter Two : EXPERIMENTAL MATERIALS AND METHODS 

2. Materials and Method 

2.1. Experimental Materials  

 Cellulose nanocrystals (CNCs) in the form of 10 wt.% aqueous dispersion were kindly 

provided by the USDA Forest Products Laboratory (Madison, WI, USA). Absolute ethanol (200 

proof, CAS Number 64-17-5, Fisher Chemical) was purchased from Fisher Scientific (Hampton, 

NH, USA). Hexadecyltrimethylammonium bromide (CTAB, CAS Number 57-09-0, ≥98%), 

tetraethyl orthosilicate (TEOS, CAS Number 78-10-4, ≥99%), lithium hexafluorophosphate 

(LiPF6, CAS Number 21324-40-3, battery grade, ≥99.99%), lithium hydroxide (LiOH, CAS 

Number 1310-65-2, 98%), N-Methyl-2-pyrrolidone (NMP, CAS Number 872-50-4, ≥99.5%), 

fluoroethylene carbonate (FEC, CAS Number 114435-02-8, 99%), poly(acrylic acid) (PAA, CAS 

Number 9003-01-4, average Mw ~450,000), poly(vinylidene fluoride) (PVDF, CAS Number 

24937-79-9), ethylene carbonate (EC, CAS Number 96-49-1, >99%), dimethyl carbonate (DMC, 

CAS Number 616-38-6, >99.9%), and a solution of 1M LiPF6 in EC/diethyl carbonate (DEC) with 

EC:DEC volume ratio of 50:50 were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Ammonium hydroxide (NH3, CAS Number 1336-21-6, 28–30% ACS) was acquired from VWR 

International (Radnor, PA, USA). Magnesium powder (CAS Number 7439-95-4, 99+%, pure) was 

obtained from Acros Organics. Commercial Si (spherical, 100 nm, >97%), Carbon black (SuperP, 

CAS Number 1333-86-4) and Li chip (99.9% purity, 16-mm diameter, and 600-micron thickness) 

were acquired from MTI Corporation (Richmond, CA, USA). Mesocarbon microbeads (MCMB) 

synthetic graphite (spherical, 9-14 µm) was purchased from MSE Supplies (Tucson, AZ, USA). 

Lastly, multi-walled carbon nanotube buckypaper (60 GSM) was purchased from Nanotech Labs 

(Yadkinville, NC).  
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2.2. Experimental Methods  

2.2.1. SilicaNQ Synthesis  

 The parameters governing the sol-gel process perform a pivotal role in manipulating the 

characteristics of the final products. Consequently, an exhaustive strategy was derived to 

meticulously scrutinize the influence of sol-gel parameters on the morphological evolution of 

SilicaNQ. The quantities of sol-gel parameters in this study are presented in Table 2.1. The 

standard procedure for our synthesis process initiates with the creation of an aqueous solution 

containing CNCs and water, which is sonicated to ensure uniform dispersion. A blend of deionized 

water, ethanol, ammonia, CNCs, and CTAB is prepared, and then subjected to 10 minutes of 

sonication to ensure a homogenous dispersion. Thereafter, the solution is kept under constant 

stirring at 350 rpm while TEOS is incrementally introduced through a syringe pump at a flow rate 

of 0.224 μL/min.  Gentle stirring is maintained throughout the predetermined reaction time, during 

which a milky suspension begins to form in the solution. After the completion of the reaction 

period, the colloidal SilicaNQ products are separated from the liquid via vacuum filtration. 

Subsequently, the product undergoes a series of three washes with deionized water to ensure the 

elimination of any lingering reactants. The products are freeze-dried in a Labconco FreeZone unit 

at -84°C at 0.01 mbar to remove water from the products.  

Table 2.1. The list of investigated sol-gel parameters 

Sol-Gel Parameter Studied Values Constant Parameters 

Ethanol content 0, 5, 10, 20, 30, and 40 vol.% 

CNC: 0.02 wt% 
CTAB: 0.02 wt% 
Ammonia: 22.4 mol/L 
TEOS: 25.1 mmol/L 
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Reaction time: 2 h 

Ammonia content 2.8, 5.6, 11.2, 22.4, and 44.8 mol/L 

CNC: 0.02 wt% 
CTAB: 0.02 wt% 
Ethanol: 20 vol.% 
TEOS: 25.1 mmol/L 
Reaction time: 2 h 

CTAB content 0, 0.01, 0.02, and 0.04 wt% 

CNC: 0.02 wt% 
Ethanol: 20 vol.% 
Ammonia: 22.4 mol/L 
TEOS: 25.1 mmol/L 
Reaction time: 2 h 

Reaction time 0.5, 1, 2, and 4 hours 

CNC: 0.02 wt% 
CTAB: 0.02 wt% 
Ethanol: 20 vol.% 
TEOS: 25.1 mmol/L 
Ammonia: 22.4 mol/L 

 

 

Figure 2.1. Schematic of scaled-up process for continuous synthesis of SilicaNQ. 
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 The optimized formulation of sol-gel solution consists of deionized (DI) water (800 mL), 

ethanol (200 mL), ammonium hydroxide (4 mL), CNCs (200 mg, dry content), and CTAB 

(200 mg) to yield a 1L solution. The CNC and water dispersion requires sonication for five minutes 

prior to the addition of the remaining chemicals. The schematic showing the continuous synthesis 

process is shown in Figure 2.1. The resulting solution is first subjected to continuous stirring via 

shear mixer set at 350 rpm. Then a peristaltic pump will move the liquid solution to the beaker 

equipped with the sonicator. The sonication will commence when the beaker contains enough sol-

gel solution to cover the sonicator tip. During the sonication, the next peristaltic pump will 

transport the solution to the final collection beaker. Both peristaltic pumps are operating at the 

same time moving liquid at a rate of 50 mL min-1 and constantly operating to ensure that the 

beakers in the setup do not overflow. This cycle continues seamlessly; when the shear mixer's 

beaker empties, it is immediately replenished with a fresh 1L batch of solution, maintaining a 

continuous operation. This method enables many 1L beakers of sol-gel solution to be produced, 

which will then follow the traditional method of TEOS introduction The final grown silicate-gel 

is collected via vacuum filtration which significantly speeds up the process compared to the 

previous centrifuge method. Moreover, we explored extending the reaction time beyond the initial 

two-hour limit to address constraints on batch size production. The previous TEOS amount of 

1100 µL ensures sufficient TEOS in the system, but the reaction must be collected after 2 hours to 

stop the sol-gel reaction. To remove the 2-hour constraint, we produced silicate materials with 300, 

400, 500, 600, 700, 900, and 1100 µL of TEOS, considering a 48-hour reaction time, while all 

other sol-gel parameters were kept constant.  
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2.2.2. Synthesis of SilicaNQ@C 

 To synthesize the carbon-coated SilicaNQ, the freeze-dried silicate-gel NQ underwent 

pyrolysis within an inert atmosphere, resulting in the conversion of CNCs into carbon. The freeze-

dried silicate-gel NQ was positioned at the center of a tube furnace and subjected to a temperature 

of 600 °C at a ramp rate of 5°C/min for a span of 6 hours. Argon gas was introduced into the 

system 30 minutes before the onset of pyrolysis, at a flow rate of 200-300 sccm, and this flow was 

maintained throughout the pyrolysis process. The final product comprised a SilicaNQ framework 

incorporating carbon derived from the residual CNCs, and is denoted as SilicaNQ@C. 

2.2.3. Synthesis of SiNQ 

 In an argon-filled glove box, SilicaNQ and magnesium powder are combined in a weight 

ratio of 1:0.8 (corresponding to a molar ratio of 1:2 silica to magnesium). This blend was then 

transferred to a cylindrical graphite crucible equipped with a screw-on lid. Electrical tape was 

employed to seal the crucible securely, inhibiting oxygen ingress into the system. Subsequently, 

the hermetically sealed reactor was positioned inside a tube furnace, and argon was flowed through 

the tube at a rate of 200 sccm for a duration of 30 minutes prior to initiating the heating process. 

The loaded crucible was then heated to 650 °C, with a ramp rate of 5 °C/min, for a total duration 

of 6 hours. During this time, the furnace tube was rotated to a complete 360 degrees every 30 

minutes until the end of the run. 

 Due to the formation of Mg-based products, chemical etching is required. A 2M 

hydrochloric acid solution was employed to dissolve the magnesium oxide and silicide by-

products. The material was introduced into the HCl solution, which was maintained under constant 

agitation for a duration of 48 hours. This was succeeded by multiple washes with deionized water 

until a neutral pH was achieved.  
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2.3. Characterization  

2.3.1. Electrochemical Characterization 

Electrode Preparation 

Two types of electrodes were produced for electrochemical characterization: ion permeable 

bucky paper-based (comprising a mat of carbon nanotubes) and conventional copper foil-based. 

The bucky paper electrodes were produced utilizing SilicaNQ and SilicaNQ@C as the active 

materials. The slurry employed for the coating on the bucky paper was a combination of the active 

material, Super P serving as a conductor, and polyvinylidene fluoride (PVDF) as a binder. These 

components were combined in a weight ratio of 60:20:20, respectively, and were dispersed in N-

methyl-2-pyrrolidone (NMP) solvent. The slurry was coated on the bucky paper substrates using 

a doctor blade coater achieving a mass loading of 1 mg.cm-1.  

 The slurry for application on copper foil was formulated using a blend of MCMB graphite 

and SiNQ as the active materials, lithiated polyacrylic acid (LiPAA) as the binder, and Super P as 

the conductive agent. These components were combined in a precise weight ratio of 73:15:10:2, 

with water serving as the dispersion medium. The LiPAA was prepared by a dissolution of 5 wt.% 

of PAA in water, succeeded by a gradual addition of lithium hydroxide until the pH of the solution 

equilibrated at 7. The slurry was coated onto copper foil, targeting a cumulative active material 

mass loading of 3.5 mg.cm-1.  

Coin Cell Assembly and Testing 

All electrode coatings are dried in a 100°C vacuum oven for 12 hours guaranteeing the 

complete elimination of solvent prior to battery fabrication. 2032-type coin cells are constructed 

in an argon-filled glove box with oxygen levels not exceeding 0.1 ppm. Each coin cell was 
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assembled in the following order: metal spacer, Lithium metal chip counter electrode, 

polypropylene separator (Celgard), 50 μL of electrolyte solution (1 M LiPF6 in ethylene 

carbonate/dimethyl carbonate (EC/DMC) in 1:1 ratio + 10 vol% fluoroethylene carbonate), Si-

based electrode, metal spacer, and spring. All SilicaNQ bucky paper-based coin cells were 

subjected to a formation cycle of 0.05C followed by cycling at 0.1C (1C = 1965 mA g-1) over the 

potential range of 0.01V – 1.0V at room temperature. The SiNQ and MBMB graphite copper foil-

based coin cells were subjected to a formation cycle of 0.05C followed by cycling at 0.1C (1C = 

(0.73 x 370 mA g-1) + (0.15 x 4200 mA g-1)) over the potential range of 0.005V – 1.5V at room 

temperature. The MCMB batteries were tested at a current rate of 370 mA g-1 for 1C. The SiNQ 

copper foil-based coin cells are subjected to cycling at a 0.1C current rate (with 1C defined as 4200 

mA g-1), operating within a voltage range of 0.01 - 1.0V. 

Galvanostatic charge/discharge experiments were performed using an Arbin battery 

analyzer (LBT Series). Cyclic voltammetry measurements are performed on 17% c-Si/MCMB and 

17% SiNQ-g/MCMB anodes at scan rates ranging from 0.1 to 2.0 mV s-1. Electrochemical 

impedance spectroscopy evaluation is performed on 17% c-Si/MCMB and 17% SiNQ-g/MCMB 

anodes at room temperature over a frequency range of 100 kHz to 0.01 Hz. Cells were measured 

in the fully lithiated state (i.e., 0.005 V) after the 5th and 25th cycles to ensure identical conditions. 

All CV and EIS experiments were carried out using a Gamry Reference 3000 potentiostat. 

Galvanostatic intermittent titration technique (GITT) experiments were conducted using 

the Gamry Reference 3000 unit. Batteries, once freshly assembled, underwent a stabilization 

period of no less than 5 hours to attain an equilibrium voltage. Subsequently, the cells were 

subjected to a 30-minute current pulse, approximately ~200 mA g-1, succeeded by a 6-hour resting 

phase to allow the equilibrium potential to be established. This cycle of current pulses followed by 
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rest intervals was repeated until the defined voltage thresholds were met for Si-based anode 

batteries, employing cutoff voltages of 0.01 and 1.0 V. 

 

Figure 2.2. Schematic diagram of prelithiation technique used in our studies 

Pre-lithiation was performed on 17% SiNQ-g/MCMB electrodes following the short-

circuit electrochemical method reported by Bai et al [101]. Briefly, the 17% SiNQ-g/MCMB 

electrode was put under direct contact with a Li chip and soaked in 50 µL of electrolyte (1M LiPF6 

EC/DEC (50:50) and 10% FEC additive). The assembly (shown in Figure 2.2) was placed under 

~5.5 kPa compressive pressure to secure optimal contact between the electrode and the Li chip. A 

range of pre-lithiation durations (i.e., 0, 3, 5, 7, 10, and 15 min) were considered. After pre-

lithiation, each electrode was paired with a fresh Li chip in the CR2032 coin cell with 50 µL of the 

same electrolyte and cycled between 1.5-0.005 V to evaluate the initial Coulombic efficiency. 
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2.3.2. Chemical  

 XPS data was collected using a PHI VersaProbe III with a monochromatic Al Kα X-ray 

source (hν = 1486.6 eV) and an Al anode powered at 25 W and 15 kV. The system was calibrated 

to both Ag and Au metallic binding energy. All data was calibrated to adventitious C 284.8 eV. 

The system base pressure was maintained at 1 x 10-6 Torr or better. Samples were prepared by 

pressing powders into a disc and then adhering samples to the platen using 3M double-sided tape. 

Analysis area was set to 500 x 500 𝜇𝜇m2 and a beam diameter of 100 𝜇𝜇m. XPS survey data was 

collected using 3 sweeps, a pass energy of 224 eV, and a step size of 0.8 eV. High resolution 

spectra for C, O, and Si were collected at 45 degrees with 3 sweeps, a pass energy of 69 eV, and a 

step size of 0.125 eV. Argon etching was used for depth profiling of the samples. Peak fitting 

parameters were set for Si and Si oxides using a Shirley baseline with an FWHM of 1.2 and 2.1 eV, 

respectively. All peaks were fit with a G/L 60. All Si binding energies were constrained to 99.8 ± 

0.25 eV. Si suboxide (SiOx) peaks were identified at 101.2 ± 0.5 eV. Si dioxide (SiO2) was 

constrained to 103.93 ± 0.25 eV. All peak fitting was done in Casa XPS. 

Fourier-transform infrared (FTIR) spectroscopy was executed on solid specimens utilizing 

a ThermoFisher Nicolet iS50 spectrometer, featuring a diamond attenuated total reflectance (ATR) 

accessory. Raman spectroscopic measurements were applied to powder samples through a 

Renishaw inVia Raman microscope employing a 532 nm laser for excitation and a 10× objective 

for beam focusing. To ensure representativeness, a minimum of five spectra were acquired from 

distinct areas on each sample, with a 30-second integration time per spectrum, subsequently 

averaged for analysis. The determination of the specific surface area and total pore volume for the 

materials was carried out with a Quantachrome Autosorb iQ gas sorption analyzer, employing 

nitrogen gas. 
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To particle size distribution, solutions are initially passed through a 0.45 μm syringe filter 

and then left to stand until fully settled. Subsequently, the prepared solution is transferred into a 

pristine cuvette, which is then inserted into the Malvern Zetasizer Nano ZS for evaluation. Each 

sample undergoes three independent DLS measurements. For zeta potential measurements, the 

solution is introduced into a specialized capillary cell and loaded into the Malvern Zetasizer Nano 

ZS for analysis.  

2.3.3. Thermal 

Thermal gravimetric analysis (TGA) was conducted using a TA Instruments Q5000. 5-10 

milligrams of material is placed onto the TGA pan and heated under air to measure the weight 

contribution from carbon. The furnace was programed to ramp at a rate of 5°C/min until it reached 

700°C. Air was continuously purged through the sample chamber at a rate of 20 mL/min. 

2.3.4. Microscopy  

 To evaluate the microstructure of silicate NQ, SilicaNQ and SiNQ products, transmission 

electron microscopy (TEM), scanning transmission electron microscopy (STEM), and scanning 

electron microscopy (SEM) employed. Specimens for TEM and STEM analysis were prepared by 

dispensing 10 μL of a diluted suspension of materials dispersed in DI water onto a copper TEM 

grid. STEM analysis was performed using a Hitachi SU9000 microscope with accelerating voltage 

of 30 kV. TEM analysis was performed using the Hitachi S9500 high-resolution microscope with 

an accelerating voltage of 300 kV. SEM analysis was performed using the Hitachi Regulus 8230 

with an accelerating voltage ranging from 5 – 30 kV.  

Transmission electron microscopy studies were carried out using a Hitachi T9500 high-

resolution TEM at 300 kV with the selected area electron diffraction (SAED). Scanning TEM  
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examinations were conducted using a Hitachi SU9000 ultra-high-resolution SEM at 30 kV with 

energy-dispersive X-ray spectroscopy (EDS). Dimensional analysis of microstructural features in 

TEM or S-TEM images was performed using ImageJ software. 
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Chapter Three : CELLULOSE NANOCRYSTALS AS BIO-TEMPLATE FOR SILICA 
FORMATION* 

3. Synopsis 

 Advancements in sol-gel technology have led to substantial progress in the development 

of mesoporous silica materials, which are characterized by their distinctive morphological features 

and customizable properties. These breakthroughs have broadened the range of potential 

applications of mesoporous silica, extending from biomedical technologies and water purification 

systems to rechargeable batteries [102,103]. The advent of dual-templating methodologies has 

further advanced the fabrication of mesoporous silica architectures, enabling the creation of 

sophisticated core-shell [104] and multi-shell [105] structures. The incorporation of biobased 

materials such as poplar catkin, [106] nanocellulose, [107] and chitosan [108] as sacrificial 

templates in sol-gel processing has introduced novel silica nanostructures that are intrinsically 

influenced by their biological origins. Among these bioderived species, cellulose nanocrystals 

(CNCs) are characterized by their one-dimensional (1D), needle-like morphology. They offer 

adaptable surface chemistry, non-toxicity, and rigidity [109]. It has been shown that under 

particular processing conditions (i.e., temperature, pH, surface charge, etc.), CNCs can self-

assemble in aqueous solutions, resulting in the suspension of 3D networks composed of distinct, 

individualized CNC particles [110].  

In this study, we leveraged this self-assembling behavior of CNCs and engineered a 3D 

mesoporous silica nanostructure resembling porcupine quills, leading us to call this porous Si 

dioxide product silica nano-quill (SilicaNQ). This highlights the synergy between biomimicry and 

advanced material synthesis in the pursuit of environmentally friendly and functional 

 
* This work was supported by the US Endowment for Forestry and Communities [Contract No. 20–00082] 
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nanomaterials. The SilicaNQ material exhibits distinct porous tubular morphology, with the 

potential to reach an exceptional surface area and pore volume. However, a systematic analysis of 

sol-gel parameters, including co-solvent addition, catalyst concentration, templating strategy, 

precursor amount, and reaction time, is necessary to identify the optimal synthesis conditions. A 

significant element of this study is the introduction of a facile carbon coating technique via 

annealing the silicate gel (i.e., sol-gel product) under an inert atmosphere. Unlike conventional 

carbon coating processes that necessitate multiple steps, our strategy allows for the direct 

transformation of CNC templates into a conformal carbon coating on the surface of SilicaNQs to 

produce a SilicaNQ@C black powder. Following the synthesis and carbon coating stages, our 

investigation extends to a detailed evaluation of SilicaNQ and SilicaNQ@C materials. Ultimately, 

we present a case study that assesses the potential application of these unique materials in lithium-

ion batteries (LIBs), showcasing the practical implications of our findings in energy storage 

applications. 

3.1. Investigation of Sol-gel Parameters  

 Exploring the sol-gel parameters is crucial for obtaining defect-free, optimal silica 

structures. The sol-gel process, instrumental in generating silica from a silicate precursor in an 

aqueous medium, is principally governed by hydrolysis and condensation reactions, as elucidated 

by the subsequent chemical equations [102]:  

Hydrolysis: 

≡ 𝐹𝐹𝑆𝑆 − 𝑂𝑂𝑅𝑅 +   𝐻𝐻2𝑂𝑂 →  ≡ 𝐹𝐹𝑆𝑆 − 𝑂𝑂𝐻𝐻 +   𝑅𝑅𝑂𝑂𝐻𝐻      ( 3 ) 

Alcohol Condensation: 

≡ 𝐹𝐹𝑆𝑆 − 𝑂𝑂𝐻𝐻 +   𝑅𝑅𝑂𝑂 − 𝐹𝐹𝑆𝑆 ≡  →  ≡ 𝐹𝐹𝑆𝑆 − 𝑂𝑂 − 𝐹𝐹𝑆𝑆 +   𝑅𝑅𝑂𝑂𝐻𝐻    ( 4 ) 
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Water Condensation  

≡ 𝐹𝐹𝑆𝑆 − 𝑂𝑂𝐻𝐻 +   𝐻𝐻𝑂𝑂 − 𝐹𝐹𝑆𝑆 ≡  →  ≡ 𝐹𝐹𝑆𝑆 − 𝑂𝑂 − 𝐹𝐹𝑆𝑆 +   𝐻𝐻2𝑂𝑂    ( 5 ) 

Hydrolysis initiates when the nucleophilic oxygen atoms in water molecules target and 

interact with the alkoxide (R: CxHy) groups in the silicate precursor [111]. The condensation 

reactions are categorized into alcohol and water condensation. Under most reaction conditions, the 

initiation of condensation hinges on the formation of siloxane bonds (Si–O–Si) [112]. Due to the 

hydrophobic nature of the silicate precursors, an alcohol is essential as the co-solvent to aid the 

dissolution and homogeneous distribution throughout the sol-gel medium [113]. Water plays a 

crucial role in the system, facilitating hydrolysis reactions and influencing the extent of these 

reactions, which subsequently affects the rate of condensation [111,114]. The presence of the 

catalyst not only accelerates the hydrolysis reactions, but also determines the reaction kinetics and 

particle interactions in the solution [112]. Following the hydrolysis and condensation stages, the 

inorganic polymerization of siloxane networks culminates in the creation of silicate gel. 
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Figure 3.1. SilicaNQ process flow for the production of hollow and mesoporous silica nano-

quills from CNCs beginning with the (a) stable suspension of 10 wt% CNCs in water, (b) 

parametric investigation of sol-gel variables impacting silica morphology, as evidenced by TEM 

micrographs, with the x-axis representing CTAB to CNC ratio, y-axis indicating catalyst amount, 

and z-axis detailing ethanol ratio, (c) optimized sol-gel solution containing grown silica-gel, (d) 

removal of CNC template via calcination to reveal the highly porous and hollow silica nano-

quills, or (e) pyrolysis of CNCs for a facile carbon coating technique to form carbon coated 

silica nano-quills. 
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 The preparation of silica-based materials using CNC templating approach in this study is 

outlined in Figure 3.1. Initially, CNCs (in the form of uniform dispersion in water, Figure 3.1a) 

are utilized to prepare a silicate gel. The sol-gel process involves introducing the silicate precursor 

(tetraethyl orthosilicate, TEOS) into a mixture, comprising of a solvent (DI water), co-solvent 

(ethanol), catalyst (NH4OH), surfactant (Hexadecyltrimethylammonium bromide, CTAB), and 

CNCs. Proceeding the reaction, the silicate gel (Figure 3.1c) is collected, freeze dried and 

subsequently calcined to remove the templates and form a porous silica powder (Figure 3.1d), or 

alternatively annealed in an inert atmosphere for simultaneous silica formation and carbon coating 

(Figure 3.1e). 

 

Figure 3.2. pH measurements of sol-gel solutions with varying concentrations 2, 4, 8, 16, and 32 

mL L-1solution  of ammonium hydroxide catalyst. 
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Figure 3.3. TEM micrographs illustrating the morphology of silicate-gel products synthesized at 

different catalyst concentrations: (a) 2, (b) 4, (c) 8, (d) 16, and (e) 32 mL L-1solution  of ammonium 

hydroxide (scale bar shows 1μm in low-magnification and 200nm in high magnification images). 

We explored the role of three major parameters in the evolution of silicate gels: catalyst 

concentration, co-solvent addition, and surfactant-to-CNC ratio. A collective view of the effects 

of these three sol-gel parameters on the morphology of silicate gels is illustrated in Figure 3.1b. 

The catalyst content distinctively influences sol-gel reaction mechanisms [115]. When the catalyst 

concentration changes from 2 to 32 ml L-1Solution, the pH of water-ethanol-ammonia solution varies 

from 10.9 to 11.8 (Figure 3.2), with an apparent plateau forming at around 16 ml L-1Solution 



51 
 

concentration. With ammonia content of 2 ml L-1Solution, which is the least basic condition in this 

study, secondary spherical particles form within the silicate gel network (Figure 3.3a). As the 

ammonia concentration increases, particle aggregation diminishes in the silicate gel network and 

spherical particle growth is suppressed (Figure 3.3b-e). This phenomenon is linked to accelerated 

hydrolysis rates with higher catalyst. At ammonia concentration of 2 ml L-1Solution, slow hydrolysis 

fails to offset condensation rates, causing agglomeration and condensed species [112]. On the other 

hand, with excessive ammonia (32 ml L-1Solution ) in the solution, the resulting gel is composed of 

many small silicate moieties, as seen in Figure 3.3e. Excessive catalyst brings more electron 

withdrawing groups (–OH) into the system, while condensation remains largely unaffected by the 

catalyst [116–118]. Consequently, a lower molecular weight gel product is expected to form. 

 
Figure 3.4. pH measurements over a 2-hour reaction period corresponding to catalyst content in 

Figure 6 showing 2, 4, 6, 8, 16, and 32 mL L-1solution. 

In literature, catalytic reaction conditions are categorized by pH levels, where each region 

is distinguished by its dominating reaction mechanism [111]. The pH measurements of our water-

ethanol-ammonia solutions reveal that the pH value consistently exceeds 10 throughout the 2-hour 
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reaction period Figure 3.4. Increasing the concentration of ammonia, as catalyst in our study, will 

increase the hydrolysis rate due to the increase in electron withdrawing groups (–OH), while the 

condensation of silanol groups are less affected by the presence of a catalyst [111,116,117,119]. 

The addition of ammonia leads to a faster interaction with silanol groups, however the 

condensation of hydrolyzed species are still slow, as defined by the following reactions [120]: 

 𝑅𝑅𝑂𝑂 − 𝐹𝐹𝑆𝑆(𝑂𝑂𝐻𝐻)3 + 𝑂𝑂𝐻𝐻−  
𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡
�⎯�  𝑅𝑅𝑂𝑂 − 𝐹𝐹𝑆𝑆(𝑂𝑂𝐻𝐻)2𝑂𝑂− + 𝐻𝐻2𝑂𝑂    ( 6 ) 

𝑅𝑅𝑂𝑂 − 𝐹𝐹𝑆𝑆(𝑂𝑂𝐻𝐻)3 + 𝑅𝑅𝑂𝑂 − 𝐹𝐹𝑆𝑆(𝑂𝑂𝐻𝐻)2𝑂𝑂−  
𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠
�⎯�  𝑅𝑅𝑂𝑂 − 𝐹𝐹𝑆𝑆(𝑂𝑂𝐻𝐻)2 − 𝑂𝑂 − 𝐹𝐹𝑆𝑆(𝑂𝑂𝐻𝐻)2𝑂𝑂𝑅𝑅 + 𝑂𝑂𝐻𝐻− ( 7 ) 

With the increase in ammonia, the density of the silica surrounding the CNCs decrease as the 

network becomes more loosely structured. This is related to the redistribution reactions that occur 

in basic conditions, as described by the following [111]:  

2 𝑑𝑑𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
𝑂𝑂𝐻𝐻−

⇆
𝑀𝑀𝑑𝑑𝑂𝑂𝐻𝐻

𝑡𝑡𝑑𝑑𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑢𝑢𝑎𝑎ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦𝑦𝑦𝑑𝑑𝑦𝑦𝑑𝑑𝑑𝑑 𝑑𝑑𝑦𝑦𝑎𝑎𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑    ( 8 ) 

 The bond breakage and reformation of siloxane groups leads to the continuous 

restructuring of polymers ultimately resulting in the trend we observe in Figure 3.3a-e. 
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Figure 3.5. TEM micrographs of as-grown SilicaNQs with (a) 0 vol.%, (b) 5 vol.%, (c) 10 vol.%, 

(d) 20 vol.%, (e) 30 vol.%, and (f) 40 vol.% ethanol; other sol-gel parameters are constant (scale 

bar shows 1μm in low-magnification and 200nm in high magnification images). 

When investigating the ethanol content during sol-gel reactions, there are two important 

factors to consider: the water/Si ratio and TEOS miscibility. Ethanol is required to homogenize 

the solution, otherwise TEOS would be insoluble in water leading to phase separation. At lower 

ethanol ratios, the structuring mechanism is largely affected by the miscibility of TEOS in the 

aqueous solution. Without any ethanol, TEOS forms immiscible clusters, giving rise to spherical 

secondary particles (Figure 3.5a). In scenarios where the ethanol concentration is insufficient to 

stabilize the TEOS emulsion, the instability of TEOS droplets within the emulsion system leads to 

the formation of solid silica spheres [113]. This indicates that 5 vol% (Figure 3.5b) and 10 vol% 

(Figure 3.5c) is still insufficient to solubilize the TEOS and suppress the growth of spherical 

particles. As the water/Si ratio decreases, the hydrolysis rate decreases. As a consequence, 
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unhydrolyzed precursor sites are incorporated into growing clusters resulting in a silica gel 

network with incomplete conversion of silanol and organosilane groups [111]. At ethanol 

concentrations of 30 vol.% (Figure 3.5e) and 40 vol.% (Figure 3.5f), the formation of micron-sized 

spherical particles within the silica structure is observed, indicating a decreased hydrolysis rate 

and a shift towards condensation reactions [111]. The increase in size of undesired particles with 

increasing ethanol content was also supported in the literature [121]. Ethanol's impact extends to 

silica arm morphology; 20 vol.% ethanol yields smooth surfaces (Figure 3.5d), whereas higher 

concentrations cause serrated textures (Figure 3.5f). Optimal conditions at 20 vol% ethanol avoid 

spherical silica growth, balancing TEOS miscibility and hydrolysis, key for achieving the targeted 

silica structure in our sol-gel approach.  
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Figure 3.6. TEM micrographs illustrating the morphology of silicate-gel products synthesized 

with different CTAB to CNC ratios: (a) 2:1, (b) 1:1, and (c) 1:2 CTAB:CNC ratio in the sol-gel 

solution (scale bar shows 1μm in low-magnification and 200nm in high magnification images). 

 Surfactant interaction and packing in the aqueous solution is influenced by the surfactant 

concentration. The critical micelle concentration (CMC) is achieved when CTAB concentration is 

sufficient for its hydrophobic carbon chain to form a charge-matching environment enabling the 

cationic head (hydrophilic) to interact with water [122,123]. The surfactant micelles carry a 

positively charged surface thus also attracting anionic silanol species (Si-O-). Under alkaline 

conditions (pH > 7) (Figure 3.2), the assembly of silicates with high negative charge density occurs 

through electrostatic interactions with cationic species [124]. Hence, the presence of CTAB within 

the system is essential, as evidenced by examining the ratio of CNC to CTAB (Figure 3.6). At a 

CTAB:CNC ratio of 2:1, the resulting silicate gel network exhibits a web-like morphology (Figure 

3.6a), whereas a ratio of 1:2 leads to the formation of significantly more diffused particles (Figure 

3.6c). The optimal CTAB:CNC ratio was established to be 1:1 (Figure 3.6b), favored for its 

capacity to generate a network of 1D silicate arms.  
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Figure 3.7. Morphological progression of silicate-gel observed over time intervals of (a) 0.5, 1, 

2, and 4 hours, (b) silicate-gel particle size evolution over 2-hour reaction time, and (c) zeta 

potential measurements (scale bar shows 200nm). 

During hydrolysis and condensation reactions, silicate evolution progresses sequentially 

from monomers to higher-ordered structures, eventually forming a densely packed silicate gel 

network that, in our case, is templated on the CNCs [118,125]. Moreover, alkaline sol-gel 

conditions tend to facilitate the aggregation of silicate species, a phenomenon detected through our 
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TEM imaging (Figure 3.7a) and corroborated by dynamic light scattering (DLS) (Figure 3.7b), 

which tracks silicate gel suspension size over time. After reacting for 0.5 hours, the dispersed 

silicate entities are predominantly comprised of lower molecular weight products from TEOS 

hydrolysis. With the progression of the reaction time, these silicate species continue to undergo 

condensation, resulting in the formation of more complex, higher-ordered silicate network. After 

4 hours, the formation of secondary spherical particles and excess thickening of the silicate arms 

may suggest excess TEOS concentration, a hypothesis that will be examined later in the study. 

While rod-like structures cannot ascertain the particle length or cross-section by DLS, a 

hydrodynamic ‘‘apparent particle size’’ can be determined to qualitatively assess dispersion and 

track the relative state of aggregation if consistent materials and protocols are used [126]. 

Significantly, our measured apparent particle size prior to reaction (Figure S5b) is consistent with 

that reported for well-dispersed CNCs (~80 nm),[127] suggesting that any CTAB interaction has 

not adversely affected dispersion in the initial mixture. Our DLS results also align well with 

previously reported sol-gel growth stages [128]. The progression of sol-gel particle growth have 

been detailed previously and are categorized by their growth stages [128]. The early phase of the 

process involves dispersed colloidal particles, and their subsequent aggregation, as indicated by 

the horizontal plateau in the initial stages of the reaction (0 – 60 minutes). This phase, marked as 

stage I (colloidal particles) and stage II (particle aggregation), is then followed by a notable uptick 

in particle size, signifying stage III, where cluster growth occurs (60 – 75 minutes). The formation 

of the gel network is indicated by the sharp incline in the data signifying the progression of stage 

IV (75 – 90 minutes). Lastly, culminating in a plateau that marks stage V, the gel point (90 – 120 

minutes). To understand the assembly process of silicate gel, Zeta potential measurements were 

conducted over time. Initially, the positive Zeta potential reflects the presence of CTAB micelles 
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with positively charged surfaces (Figure 3.7c). The extensive hydrolysis of TEOS forms anionic 

silanol species,[129] which is evident by a sharp drop of Zeta potential to negative values after 11 

minutes of reaction. The Zeta potential then reaches a plateau at around -30 mV, indicating the 

stable suspension of surfactant-silicate composites [124]. A second plateau at Zeta potential of -

35 mV is formed after 75 minutes of reaction, which coincides with stage IV of the particle growth.  

 

Figure 3.8. EM micrographs showcasing the optimal SilicaNQ morphology: (a) SilicaNQ 

products from calcination showing an average length of 252 nm and width of 40.2 nm, (b) 

bright-field S-TEM micrograph revealing the hollow channels within SilicaNQ network, and (c) 

an S-TEM micrograph showing the hexagonal pore features. 

Through our parametric analysis, we determined that the most optimal sol-gel parameters 

results in a material morphology comprising of one-dimensional individualized structures within 

a three-dimensional network. This ideal configuration is achieved with the product formed from 

20 vol% ethanol, 1 to 1 CTAB to CNC ratio, 16 ml L-1Solution of catalyst, and 2 hour reaction time.  
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Following air calcination to remove the bio-template, the SilicaNQ particles display an average 

length of 252 nm and a width of 40.2 nm (Figure 3.8a). The distribution of particle lengths does 

not adhere to a normal Gaussian distribution, exhibiting a minor skew towards larger particle sizes. 

S-TEM imaging provided a more detailed view of the SilicaNQ structures. The bright-field S-

TEM images highlight the hollow interior of the SilicaNQ, showcasing its continuous structure 

throughout the interconnected network (Figure 3.8b). High-resolution S-TEM imaging further 

unveils the surface characteristics of the SilicaNQs, revealing walls adorned with hexagonal-

shaped pores (Figure 3.8c). Porosimetry analysis demonstrates that the SilicaNQ material features 

an exceptionally high BET surface area of 1265 m2 g-1, a total pore volume of 1.25 cm3 g-1 (Figure 

3.9). This notable surface area and pore volume surpass those of commercially available 

mesoporous silica materials including SBA-15, MCM-41, MCM-48, and MSNR, as well as those 

derived from soft and bio-based templating methods, detailed in Table 3.1.  
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Table 3.1. Summary of mesoporous silica that are commercially available and also unique 
mesoporous silica utilizing bio-based template. 

Template Material Morphology 
BET 

(m
2 
g-1) 

BJH 
(cm

3
 g-1) 

Ref 

SilicaNQ porous nanotube 1265 1.25 This work 

SBA-15 mesoporous 605 0.49 [130] 

MCM-41 mesoporous 995 0.75 [131] 

MCM-48 mesoporous 1002 - [132] 

MSNR mesoporous 
nanorod 907 0.82 [133] 

Bacterial cellulose nanotube 177.1 0.4 [134] 

Citric acid nanotube 40.85 - 
[135] 

Sodium bicarbonate nanotube 44.46 - 

Phenolic resin yolk-shell 736 1.79 [136] 

SWCNT nanotube 360 0.948 [137] 

Chitosan mesoporous 351 0.78 [138] 

Nanocellulose mesoporous 535 0.32 [139] 

Manchurian ash mesoporous 290.12 0.47 
[140] 

Mango lignin mesoporous 286.77 0.45 
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3.2. Facile One-step Carbon Coating 

 

Figure 3.9. Nitrogen adsorption-desorption isotherms and pore size distribution of (a) SilicaNQ 

and (b) SilicaNQ@C. 

Beyond removing the CNC template, it can be converted to carbon via pyrolysis, enabling 

a straightforward, single-step carbon coating process without the need for extra chemicals or 

synthesis stages. The pyrolyzed silica materials are referred to as SilicaNQ@C. Further 

comparative analysis was conducted on these two materials to distinguish their distinct physical 

attributes. The porous nature of calcined SilicaNQs was examined through nitrogen 

adsorption/desorption techniques (Figure 3.9). This analysis revealed that the optimized SilicaNQ 

material exhibits a BET surface area of 1265 m2 g-1, a total pore volume of 1.25 cm3 g-1. The pore 

size distribution of SilicaNQ (Figure 3.9a) is characterized by two peaks: a sharp peak with an 

average pore diameter of ~4.0 nm, which corresponds to hexagonal surface pores (as presented in 

Figure 3.8e) originated from CTAB micelles; and a broad peak with an average pore diameter of 
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18.9 nm, which is related to open tunnels from CNC template removal (Figure 3.8b). Pyrolyzed 

SilicaNQ@C revealed a BET surface area of 671 m2 g-1, a total pore volume of 0.74 cm3 g-1, and 

a bimodal pore distribution with pore sizes of 4.7  nm and 6.3 nm. Pyrolyzing the bio-template led 

to a reduction of almost 50% in the original BET surface area. S-TEM micrograph of SilicaNQ@C 

(Figure 3.10a) show the presence of carbon overlapping the regions where the silica is detected. 

TGA was performed in open air to burn off the organic content, revealing the presence of 

approximately 18 wt% carbon on the material (Figure 3.10b). 
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Figure 3.10. Elemental analysis of (a) SilicaNQ@C via EDS mapping. (b) TGA of SilicaNQ and 

SilicaNQ@C in open air, (c) FTIR spectra of CNCs, synthesized silicate-gel, SilicaNQ and 

SilicaNQ@C, (d) Raman spectroscopy, (e) XPS survey spectra of SilicaNQ and SilicaNQ@C, 

and (f) carbon XPS spectra and depth profiles of both materials. 

Fourier-transform infrared (FTIR) spectra of Si-based materials in this study are shown in 

Figure 3.10c. The IR analysis of the silicate-gel reveals two salient peaks in the 2800 – 3000 cm-1 

range, ascribed to aliphatic carbon groups from CTAB [141]. The IR spectra for CNCs contain a 

small peak around 885 cm-1 corresponding to the β-glycosidic linkage in the cellulose molecule 

[142]. This feature also appears as a small peak on the grown silicate-gel IR spectra. After 

calcination and pyrolysis, the β-glycosidic linkage peak has completely diminished. A distinctive 

broad peak, appearing at 1250 cm-1, present for SilicaNQ and SilicaNQ@C is indicative of 

amorphous silica [143]. Both silica materials also exhibits the 1090 cm-1 peak for asymmetric Si–

O–Si vibrations, while the symmetric counterpart of these vibrations is present at 795 cm-1 [144]. 

The two distinct peaks observed in SilicaNQ@C can be ascribed to C=C bond stretching, ranging 

from 1675-1500 cm-1 is associated with carbonized cellulose [145]. The Raman spectra of 

SilicaNQ@C (Figure 3.10d) reveal the characteristic D and G bands, indicative of the presence of 

amorphous carbon [146]. X-ray photoelectron spectroscopy (XPS) reveals a markedly higher 

surface concentration of carbon in the SilicaNQ@C material, as depicted in Figure 3.10e and f. 

Carbon analyses of both SilicaNQ and SilicaNQ@C predominantly show C-C and C-H bonds 

(284.8 eV), while the Si analysis for both samples indicates a surface composition chiefly of Si 

dioxide (103.5 eV). To assess changes in species and atomic concentrations, the samples 

underwent etching through the top 400 Å. This process demonstrated that SilicaNQ@C maintains 

a consistent carbon concentration of 14.3 at.% across the etched surface (Figure 3.10f, inset), 
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significantly higher than SilicaNQ's carbon concentration of about 2.2 at.%, where a considerable 

amount of carbon detected was adventitious carbon rapidly etched away. Despite no species 

changes detected in the carbon spectrum through either sample's depth, minor variations in Si 

suggest the existence of suboxides, though both samples primarily consisted of Si dioxide. 

 

Figure 3.11. Schematic of (a) laboratory-scale setup of SilicaNQ production and (b) TEM 

micrograph of SilicaNQ products compared to schematic of (c) scaled-up setup of continuous 

SilicaNQ production process and resulting (d) TEM micrograph of resulting products (scale bar 

shows 200nm). 

Until now, the synthesis of these unique materials has been limited to small quantity batches. 

Our objective was to explore the feasibility of scaling up the synthesis process while preserving 

their unique morphology. Through extensive experimentation, the most effective method for large-

scale production was identified. The optimal setup for scaling up (Figure 3.11d) begins with the 

shear mixing of the prepared sol-gel solution, which is then pumped through a sonication stage 

and subsequently directed to the final collection station. The small-scale synthesis (Figure 3.11a) 
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previously yielded around 200 mg of material per trial. Post-scaling, the production increased 

significantly, enabling the generation of several grams per trial as the scaled-up process facilitates 

continuous fabrication. To verify the preservation of the unique silica morphology during the 

scale-up, the produced materials were examined under TEM, where the SilicaNQ morphology 

produced from the large-scale production (Figure 3.11d) is comparable to the product from lab-

scale (Figure 3.11b). Another challenge faced in scaling up involves the 2-hour reaction time. This 

duration posed homogeneity issues in larger batches, given the constraints of the TEOS feed rate 

into the system. To optimize the reaction process for larger scale production, extended reaction 

times of approximately 48 hours were explored. The objective was to ensure complete hydrolysis 

and condensation reactions for the silicate precursor. To accommodate these prolonged reaction 

durations, the quantity of TEOS was carefully adjusted to avoid excessive  amounts in the system. 

Varying volumes of TEOS—300, 400, 500, 600, 700, 900, and 1100 μL—were analyzed over a 

48-hour period. Statistical analysis was then conducted on the resulting structures to precisely 

measure the width of the silica particles (c). The materials investigated via TEM that facilitated 

the statistical measurements exhibit the nano-quill-like structure, characteristic of the original 

morphology (Figure 3.12a and b). The particle width of the silica exhibits a distinct trend, 

progressively increasing with the amount of TEOS used. From 300 to 600 μL of TEOS, there's a 

gradual increase in particle width, ranging from 21 to 23.5 nm. A notable spike occurs at 700 μL, 

where the width jumps to 26 nm, eventually stabilizing around 32 nm for the higher TEOS 

concentrations. In addition, nitrogen adsorption desorption isotherm was employed to investigate 

the BET surface area (Figure 3.12d) and the total BJH pore volume (Figure 3.12e). Both surface 

area and pore volume displayed a similar pattern, peaking at 300 μL and diminishing at 900 μL.  
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Figure 3.12. Structural characteristics of SilicaNQ products from continuous process and 48 

hours of reaction: (a) particle width, (b) BET surface area, (c) BJH total pore volume. TEM 

micrographs of SilicaNQs after introducing (d) 500 μL and (b) 900 μL of TEOS into the 

continuous production process (scale bar shows 200nm in low-magnification and 50nm in high 

magnification images).  

3.3. Electrochemical Performance of Silica and SilicaNQ@C  

 In the lithium-ion battery (LIB) sector, the quest for enhanced anode energy density is 

critical, driven by the surging global demand for LIBs in electric vehicles. Our unique silica 

structures, born from CNC templating, emerge as potential game-changers for LIB anodes. Silica-
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based anodes, characterized by a higher theoretical capacity (1965 mAh g-1) in comparison to 

traditional graphite anodes, face challenges associated with volume expansion, approximately 

160% [147]. In this context, SilicaNQs, distinguished by their unique hollow and porous 

architecture, provide an innovative solution. These structures offer ample free space to 

accommodate material expansion during lithiation, potentially addressing a critical limitation in 

silica-based anode materials. 

In this case study, we delved into the potential applications of materials developed in our 

research. Buckypaper, selected as the current collector for its three-dimensional structure, which 

facilitates the absorption of the wet slurry, enabling higher mass loadings compared to 

conventional Cu foil collectors [148]. The electrochemical impedance spectroscopy (EIS) profiles 

of both materials were examined after the 5th, 10th, and 25th cycles to identify electrochemical 

performance variations (Figure 3.13a and b). For all examined cycles, the SilicaNQ@C anode 

exhibits a smaller series resistance (RS) compared to the SilicaNQ anode. Furthermore, a smaller 

charge-transfer resistance (RCT) is detected for the SilicaNQ@C anode, likely due to the presence 

of conductive carbon coating (from CNC annealing) and suggests an improved lithium-ion 

mobility after successive cycles [149]. 

 The long-term cycling performance of batteries with calcined SilicaNQs and SilicaNQ@C 

were assesed, and the results are presented in Figure 3.13e. The battery with SilicaNQ provided a 

high initial reversible capacity of 0.565 mAh cm-1, which gradually increased to 0.748 mAh cm-1 

after 200 cycles, a ~33% increase. The battery with SilicaNQ@C provided a high initial reversible 

capacity of 0.797 mAh cm-1, which gradually increases and peaks at 1.292 mAh cm-1, a ~55% 

increase before a gradual decrease and stabilizing around 1.015 mAh cm-1. This characteristic 

behavior observed in SiOX batteries is the 'capacity climbing' phenomenon. The lithiation reaction 
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of SiO2 triggers the formation of electrochemically active Si out of the original material through 

the following reactions [150]:  

SiO2 + 4Li → Si + 2Li2O         ( 9 ) 

2SiO2 + 4Li → Si + Li4SiO4         ( 10 ) 

This phenomenon is observed mainly in the initial cycles as the capacity-voltage curves 

demonstrate the consistency in capacity values between the 100th and 200th cycles, indicating 

minimal change over these cycles (Figure 3.13c and d). A pivotal breakthrough of our approach is 

the streamlined one-step carbon coating process, which significantly elevates the specific capacity, 

underscoring the effectiveness in enhancing battery performance. 
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Figure 3.13. Nyquist plot of (a) SilicaNQ and (b) SilicaNQ@C electrodes after 5th, 10th, and 25th 

cycle. Electrochemical performance of SilicaNQ-based electrodes: charge-discharge profiles of 

(a) SilicaNQ and (b) SilicaNQ@C, and (c) cycling performance of SilicaNQ-based anodes. All 

SilicaNQ-based half cells were cycled between 1.0 and 0.01 V (1C = 200 mA g-1). 
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Chapter Four : MAGNESIOTHERMIC REDUCTION FOR FORMATION OF SI-
BASED MATERIALS†‡§ 

4. Synopsis  

 The sol-gel method of synthesizing silica materials offers a pathway for creating 

specifically templated silica architectures. To enhance electrochemical performance, our objective 

is to transform the silica into Si, as Si boasts a markedly higher theoretical capacity of 3600 mAh 

g-1, in contrast to silica’s 1965 mAh g-1. Metallothermic reduction presents a feasible pathway for 

the transformation of SiO2 to elemental Si [14]. There is an array of burgeoning alternatives for 

metallothermic reduction, such as carbon, aluminum, and magnesium. Nevertheless, each 

approach has its own set of benefits and drawbacks. For instance, carbothermic reduction 

necessitates extremely elevated temperatures (in excess of 1800°C), which would obliterate the 

templated morphology.  

 Aluminum and magnesium have garnered attention as the most promising candidates for 

the metallothermic reduction of silica to Si, due to their proficiency at comparatively lower 

temperatures. Comparative studies have been  to analyze these two approaches [53]; nevertheless, 

the findings indicate that aluminothermic reduction remains inferior to magnesiothermic reduction 

in respect to both the yield of Si conversion and the surface area of the final materials.  

 
† Chen, N.; Sabet, M.; Sapkota, N.; Parekh, M.; Chiluwal, S.; Koehler, K.; Clemons, C.; Ding, Y.; Rao, A. M.; Pilla, 

S. Bioderived Silicon Nano-Quills: Synthesis, Structure and Performance in Lithium-Ion Battery Anodes. Green 

Chem. 2024. https://doi.org/10.1039/D4GC00498A 
‡ This work was supported by the US Endowment for Forestry and Communities [Contract No. 20–00082] 
§ The authors also acknowledge financial support through Clemson University's Virtual Prototyping of Autonomy 

Enabled Ground Systems (VIPR-GS), under Cooperative Agreement W56HZV-21-2-0001 with the US Army 

DEVCOM Ground Vehicle Systems Center (GVSC) 
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 Using commercial Si products in LIB anodes poses several technical challenges, 

specifically the significant volume changes of Si during (de)lithiation [151], which can result in 

loss of electrical contact and capacity fade over the operational lifetime. To mitigate the volume 

change issue, Si nanostructures with several morphologies have been proposed, among which 1D 

tubular structure is proven to effectively mitigate mechanical failure by relieving mechanical 

stresses in the material [84,152–154]. Moreover, pore generation can enhance Li-ion (Li+) 

diffusion through Si structure and improve its charge storage capabilities [155,156]. However, the 

synthesis methods commonly employed for fabricating porous tubular Si nanostructures frequently 

use hazardous chemicals, demand considerable financial investment, and give rise to safety issues 

[157,158]. This motivates our investigation into the use of templated hollow and porous SilicaNQ 

as a basis for Si conversion, to assess the preservation of the structure during this process. 

In this study, employing the SilicaNQ materials synthesized as detailed in Chapter 3, the 

objective is to convert these templated structures to Si while preserving the original morphology 

to the greatest extent possible. To address the challenges posed by the exothermic nature of the 

metallothermic reduction process, various heat scavenging materials will be utilized with the aim 

of absorbing the excess heat generated during the reaction. This is pivotal for maintaining the 

structural integrity of the templated silica materials. In this segment of the study, the focus is on 

investigating the optimal container for housing the silica materials during the conversion process. 

Two types of crucibles, alumina oxide and graphite, will be employed. It is noteworthy that the 

graphite crucible boasts a thermal diffusivity that is 10x higher than its alumina counterpart, shown 

in Figure 4.1a and b [100,159]. Following the conversion process, comprehensive characterization 

will be undertaken to elucidate the structural and chemical variations between the samples 

prepared using different crucibles. Subsequently, an assessment of the electrochemical 
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performance of the resulting materials will be conducted to understand the implications of the 

choice of crucible on the practical applications of these materials.   

One of the defining attributes of SiNQs is their water dispersibility, enabling the use of water-

based slurries in lieu of the standard N-Methyl-2-pyrrolidone (NMP)-based mixtures, which are 

necessary for conventional Si-based slurry compositions due to the hydrophobic nature of 

commercial Si (c-Si). Notably, NMP introduces undesirable occupational and environmental 

challenges, encompassing risks of human exposure, reproductive toxicity, and consequentially 

rigorous EU regulations [160]. Leveraging water-dispersible materials mitigates these risks and 

presents potential economic advantages by lowering production costs due to diminished hazardous 

waste management requirements. 

4.1. Si Products Formed from Mg Reduction 

 

Figure 4.1. Thermal diffusivity of (a) graphite and (b) alumina as a function of temperature 

(reproduced with permission from Linseis) [100,159]. Schematic setup for magnesiothermic 

reduction of SilicaNQ using (c) an alumina boat and (d) a cylindrical graphite crucible. 
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Magnesiothermic reduction was used to convert silica to Si. Upon exposure to gaseous 

magnesium (Mg) and diffusion of Mg molecules into the surface of silica particles, elemental  Si 

and Mg byproducts are formed. Subsequently, the solid state diffusion process enables the 

transportation of Mg deeper into the material, thus leading to the following chemical reactions 

throughout the material [161]:  

𝐹𝐹𝑆𝑆(𝑑𝑑) + 2𝑀𝑀𝑀𝑀(𝑀𝑀)  → 𝑀𝑀𝑀𝑀2𝐹𝐹𝑆𝑆(𝑑𝑑)       ( 11 ) 

𝑀𝑀𝑀𝑀2𝐹𝐹𝑆𝑆(𝑑𝑑) + 𝐹𝐹𝑆𝑆𝑂𝑂2(𝑑𝑑)  → 2𝑀𝑀𝑀𝑀𝑂𝑂(𝑑𝑑) + 2𝐹𝐹𝑆𝑆(𝑑𝑑)     ( 12 ) 

Magnesiothermic reduction generally proceeds as an exothermic reaction, where Si is 

formed progressively from the surface to the core [162]. The heat generated during this process 

can lead to significant temperature increases, potentially causing local melting and distortion of 

the Si product [161]. It is a standard approach in scientific studies to perform magnesiothermic 

reduction within ceramic crucibles, which are characterized by their low thermal diffusivity at 

elevated temperatures. For example, the thermal diffusivity of alumina at 650 °C is ~0.02 cm2 s-1 

[159]. At the same temperature, the thermal diffusivity of graphite is ~0.2 cm2 S-1 [100]. The 

significantly higher thermal diffusivity of graphite makes it a better crucible for dissipating the 

heat generated during reduction reactions. To verify this, we conducted SilicaNQ reductions in 

both alumina boat crucible loaded into an airtight steel container, and a graphite cylindrical 

crucible with airtight screw on lid, shown in Figure 4.1c and d.  

The powders, after reduction, underwent a mild hydrochloric acid treatment to eliminate 

magnesium-related byproducts, yielding the final SiNQ product. Consequently, the SiNQ variant 

produced in an alumina crucible and subsequently purified with HCl is denoted as SiNQ-a, 

whereas the SiNQ product derived from a graphite crucible and treated with HCl is labeled SiNQ-

g. 
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Figure 4.2. Electron microscopic studies of SiNQs; (a) TEM micrographs of SiNQ-a, (b) TEM 

micrographs of SiNQ-g (scale bar shows 100nm), (c) high-resolution TEM micrograph of SiNQ 

arms revealing crystalline pockets distributed in an amorphous matrix (scale bar shows 50nm), 

(d) electron diffraction patterns show the presence of major crystal systems of elemental Si in the 

structure of SiNQ material, (e) STEM micrographs of SiNQ-a, and (f) STEM micrographs of 

SiNQ-g surface features (scale bar shows 100nm). 

The microstructural characteristics of SiNQ materials were studied to identify the effects 

of heat accumulation during the reduction process. The TEM micrographs of SiNQ-a and SiNQ-g 

are presented in Figure 4.2a and b. The 1D morphology of SilicaNQ arms was conserved after 

reduction in both crucibles. An in depth view of surface morphology (Figure 4.2e and f) reveals 
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that both materials are porous. However, SiNQ-a arms appear more flattened and fused together, 

in contrast to SiNQ-g arms, which maintained an individualized tubular geometry with less fusing. 

Gas physisorption measurements were performed on both SiNQ materials, and the results are 

presented in Figure 4.3. Previously reported, the SilicaNQ material has a BET specific surface area 

of 1266 m2 g-1, with a BJH total pore volume of 1.25 cm3 g-1. The adsorption-desorption isotherms 

show an apparent hysteresis (Figure 3.9), indicating the existence of mesopores in the material 

structure [163]. After reduction to SiNQ-a, the surface area and total pore volume decreased to 

232 m2 g-1 and 0.42 cm3 g-1, respectively. While the surface area and total pore volume of SiNQ-

g material were measured to be 400 m2 g-1 and 0.64 cm3 g-1, respectively. The lower surface area 

and pore volume of SiNQ-a, compared to SiNQ-g, implies a considerable fusion and distortion of 

the material during reduction in the alumina crucible. Hysteresis is present in isotherms of SiNQ-

a (Figure 4.3a) and SiNQ-g (Figure 4.3c), implying that mesopores are preserved during the 

reduction of SilicaNQ using either crucible. However, multiple peaks with pore diameter of 

<10 nm appear in their pore size distribution graph (see Figure 4.3b and d). For example, SiNQ-a 

shows mesopores with diameters of 3.5, 4.4, 6.3, and 7.5 nm, and SiNQ-g has mesopores of 3.7, 

4.5, 5.8, and 9.0 nm. Although SiNQs maintain surface mesopores, these results show that the 

geometry of surface pores was altered during SilicaNQ reduction. In addition, we identified a peak 

with a pore diameter of >20 nm from BJH pore size analysis of SiNQs. This peak, with an average 

diameter of ~25 nm, corresponds to the presence of a hollow core within SiNQ arms. The presence 

of a hollow interior, along with mesopores on the surface, is designed to mitigate volume 

fluctuations during the lithiation and delithiation cycles. We hypothesized that the morphological 

variances between SiNQ-a and SiNQ-g materials will influence their capacity for charge storage 

during interactions with lithium ions. 
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Figure 4.3. BET surface area and BJH pore volume of (a, b) SiNQ-a, and (c, d) SiNQ-g. 

High-resolution TEM of SiNQs was performed to reveal the material's phase composition 

after thermal reduction. The resulting structure is characterized by randomly distributed crystalline 

pockets in an amorphous matrix, as shown in Figure 4.2c. Majority of crystalline pockets show 

interplanar spacing of 0.31 nm and 0.19 nm. The former corresponds to Si(111) planes, and the 

latter corresponds to Si(220) planes [164]. Moreover, electron diffraction patterns of SiNQs (see 

Figure 4.2d) reveal the presence of other Si crystal planes, including (311), (400), (331), and (422). 



77 
 

 

Figure 4.4. Characterization of Si-based materials in this study; (a) XRD spectra of SilicaNQ 

and both SiNQs, (b) FTIR spectra of SilicaNQ and both SiNQs, (c) Raman spectra of both 

SiNQs, (d) XPS survey spectra of both SiNQs, and high-resolution Si spectra of (e) SiNQ-a and 

(f) SiNQ-g materials after 936 seconds of etching, and atomic concentration of different Si-

containing species in (g) SiNQ-a and (h) SiNQ-g materials as a function of XPS etch time. Peak 

fitting is used to calculate the distribution of Si, SiOx, and SiO2 species. 

 The phase evolution from SilicaNQ to SiNQ-a or SiNQ-g was also evaluated through X-

ray diffraction (XRD) analysis, and the results are shown in Figure 4.4a. The XRD spectrum of 

SilicaNQ displays a broad band centered at around 2𝜃𝜃 = 23°, corresponding to amorphous silicon 

oxide [165]. Upon reduction of SilicaNQ using both crucibles, the characteristic peaks of 

crystalline Si appear in XRD patterns of SiNQs, supporting the results from electron diffraction 

patterns (see Figure 4.2d). In addition, both SiNQ-a and SiNQ-g materials show the band for 

amorphous silicon oxide. This indicates a partial conversion from silica to Si and the presence of 

Si oxides in the as-reduced materials. However, the band for the amorphous phase is more 

noticeable for SiNQ-g material, implying a lower degree of conversion when using a graphite 
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crucible. It is noted that characteristic peaks of magnesium orthosilicate (Mg2SiO4) are detected in 

the XRD spectrum of SiNQ-a, despite both materials undergoing identical purification procedure 

using hydrochloric acid solution. We repeated acid treatment of SiNQ-a, but Mg2SiO4 peaks 

persisted. This can be due to structural collapse/fusing of as-reduced material in alumina crucible 

because of local temperature rise and trapping of Mg2SiO4 byproduct within the SiNQ-a structure. 

 

Figure 4.5. (a) FTIR and (b) Raman spectra of SiNQ-g and c-Si materials. Characteristic peaks 

show the presence of surface functional groups for SiNQ-g, which are absent for c-Si. (c) Zeta 

potential results of as-sonicated SiNQ-g and c-Si powders in DI water. Dispersion of SiNQ-g 

and c-Si in DI water using magnetic stirring and probe ultrasonication methods shows that (d) c-

Si cannot be dispersed by stirring, while (e) SiNQ-g is easily dispersed after stirring for a short 

period. Probe sonication of (f) c-Si results in a partial dispersion (remaining c-Si float on top of 

the water), but (g) SiNQ-g is uniformly dispersed in water after a few seconds of probe 

sonication. After one week, (h) as-sonicated c-Si gets separated entirely, and (i) SiNQ-g 

suspension remains stable. 
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Fourier-transform infrared (FTIR) spectra of Si-based materials in this study are shown in Figure 

4.4b. For comparison, the FTIR spectrum of commercial Si (c-Si, crystalline Si nanoparticles with 

spherical shape and average size of 100 nm) is illustrated in Figure 4.5a. A distinctive broad peak, 

appearing at 1250 cm-1, in the spectrum of SilicaNQ is indicative of amorphous silica [143]. 

SilicaNQ also exhibits the 1090 cm-1 peak for asymmetric Si–O–Si vibrations, while the 

symmetric counterpart of these vibrations is present at 795 cm-1 [144]. These two peaks are also 

visible but at a lower intensity for SiNQ-a and SiNQ-g materials. The presence of O in thermally 

reduced materials is evident from S-TEM elemental maps (Figure 4.6). The c-Si material also 

shows 1090 cm-1 peak for its native silica surface layer. Raman spectra of SiNQs are presented in 

Figure 4.4c. The ~520 cm-1 peak is the characteristic feature of crystalline Si. However, when 

compared to c-Si, the Si peak in SiNQs exhibits a slight shift towards lower wavenumbers and an 

increased peak width (see Figure 4.5b). These peak shift and peak broadening effects are attributed 

to the inclusion of silicon oxides in the material composition [166]. The presence of the peak at 

approximately 920 cm-1 in the second-order Raman spectrum of silicon (Figure 4.4c and Figure 

4.5b) typically indicates a two-phonon scattering process, which is inherent to Si-based materials 

[167]. Additionally, a peak at 630 cm-1, attributed to the wagging vibrations of Si–H bonds, is 

observed for both SiNQ-a and SiNQ-g materials [168,169]. This peak is absent for c-Si material. 

The presence of Si–H bonds in SiNQs can promote their dispersibility in water-based slurries. We 

dispersed a similar amount of SiNQ-g and c-Si powders in DI water using magnetic stirring (Figure 

4.5d and e) and ultrasonication methods (Figure 4.5 f and g) to assess this. SiNQ-g material can 

readily disperse in DI water and create a stable suspension for up to one week, as shown in Figure 

4.5h and i, while c-Si is hardly dispersed in DI water. Even after ultrasonication, a large portion of 

c-Si gets separated and floats on top of the water. The zeta potential measurements of dispersions 
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of SiNQ-g and c-Si prepared using ultrasonication also verify the stability of SiNQ-g dispersion, 

showing a zeta potential below -30 mV (Figure 4.5c). We attribute such excellent dispersibility of 

SiNQ-g in aqueous solution to the presence of Si–H bonds. 

 

Figure 4.6. S-TEM elemental mapping of nano-quill materials in this study. The elemental maps 

related to Si, O, and C are illustrated here. The carbon maps are from the lacey carbon structure 

from the TEM grid. 

XPS spectra were analyzed to identify and quantify the presence of different silicon species in 

SiNQ-a and SiNQ-g materials. The XPS survey spectra in Figure 4.4d show C, O, and Si as 

expected. The SiNQ-a material contained trace amounts of aluminum and magnesium (0.34 and 

0.22 atomic percent, respectively). The presence of aluminum can be attributed to residual 
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contamination originating from the alumina crucible employed during reduction. The detected 

magnesium by XPS corresponds to Mg2SiO4 byproduct trapped within the SiNQ-a structure (as 

revealed by XRD results, Figure 4.4a). On the other hand, SiNQ-g material demonstrated no such 

traces, confirming the absence of thermo-reduction byproducts. High-resolution Si2p spectra of 

SiNQs are presented in Figure 4.4e and f. Peak fitting of Si2p spectra provides further insight into 

the distribution of Si (red), SiOx suboxides (x < 2, green), and SiO2 (purple) species. Argon etching 

was also used to collect depth profiles for each material to understand how the ratio of these species 

changed from the surface to the bulk. As seen in Figure 4.4g and h, SiNQ-a has a very inconsistent 

ratio of SiO2 and SiOx, while SiNQ-g is consistent throughout the depth profile. This consistency 

in Si-based species for SiNQ-g is likely a result of more homogenous reduction, which implies a 

more effective heat dissipation because of using graphite crucible instead of alumina during 

exothermic reduction reactions. The Si:SiOx:SiO2 atomic ratio was estimated over 936 seconds of 

argon etching, and average atomic ratios of 27:25:48 (for SiNQ-a) and 27:16:57 (for SiNQ-g) were 

obtained. The higher SiOx:SiO2 atomic ratio of SiNQ-a material can be attributed to the local 

temperature rise in the alumina crucible during reduction, leading to a higher degree of conversion 

from SiO2 to SiOx. 
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Figure 4.7.  STEM micrograph comparing morphological structure of (a) HCl-etched SiNQ-a to 

(b) HF-etched SiNQ-a. (c) Electrochemical cycling results of anodes prepared using SiNQ-a 

(HCl etched) vs. SiNQ-a-HF (HCl and HF etched) active material. The delivered capacity was 

normalized by the mass of active material. (d) STEM micrograph with their respective elemental 

maps of SiNQ-a anode after 150 cycles, and (e) STEM micrograph with their respective 

elemental maps of SiNQ-a-HF anode after 150 cycles. It is evident that HCl-treated SiNQ 

maintained its 1D morphology after cycling. 
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Efforts were made to eliminate silicon oxides from the HCl-treated SiNQ to derive a 

material predominantly composed of silicon and evaluate its electrochemical performance. For this 

purpose, we chose SiNQ-a and subjected it to hydrofluoric acid (HF) etching. The STEM 

elemental mapping of HF-etched product (i.e., SiNQ-a-HF) confirmed the removal of O-

containing species (Figure 4.7b). However, HF etching adversely affected the original tubular 

morphology of the nano-quills, transforming it into a configuration resembling interconnected 

spherical clusters. The structure of the nano-quill arms, initially comprising crystalline silicon 

encased within an amorphous silicon oxide framework, underwent significant alteration. The HF 

etching process effectively dissolved the amorphous matrix, leaving a sequential arrangement of 

crystalline silicon entities. 

The electrochemical cycling performance of anodes containing SiNQ-a with and without HF 

treatment is presented in Figure 4.7c. The electrodes were fabricated by casting a slurry of the 

respective active material onto a conductive Bucky Paper current collector. Half cells were 

assembled and cycled between 1.0 V and 0.01 V at 0.1C. At a current density of 420 mA g-1, initial 

reversible capacities of 1003 mAh g-1 (for SiNQ-a) and 910 mAh g-1 (for SiNQ-a-HF) were 

acquired. Both anodes exhibited a similar cycling performance up to about 30 cycles. Afterwards, 

the anode with SiNQ-a-HF showed a capacity decay, and its specific capacity reached 550 mAh g-

1 at the 150th cycle, while the delivered capacity of SiNQ-a anode remained stable at around 

875 mAh g-1. We disassembled the cycled batteries and investigated the active materials using 

STEM. The acquired elemental mapping for Si, O, and C in cycled active materials is presented in 

Figure 4.7d and e. The cycled SiNQ-a preserved its 1D morphology without noticeable 

pulverization or swelling. In contrast, the cycled SiNQ-a-HF is characterized by swollen particles 

and clear pulverization. This suggests that the unique composition of SiNQs with a silicon oxide 
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matrix, may significantly contribute to mitigating volume expansion and preserving the integrity 

of the particles throughout cycling, resulting in remarkably stable cycling performance. Thus, in 

further work, we utilized SiNQs without HF treatment for preparing Si-graphite composite anodes. 

4.2. Electrochemical Performance of SiNQ-a and SiNQ-g 

 

Figure 4.8. Charge-discharge profile of anode half cells with active material comprising (a) 

pure MCMB graphite, (b) 17% c-Si/MCMB, (c)17% SiNQ-a/MCMB, (d) 17% SiNQ-g/MCMB, 

and (e) their corresponding Coulombic efficiency for the first 20 cycles, (f) rate performance 

comparison of composite electrodes containing 17% SiNQ-g and 17% c-Si, (g)  cycling 
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performance of composite electrodes containing 17% c-Si, 17% SiNQ-a, or 17% SiNQ-g, and 

lastly (h) a literature survey of capacity retention vs. active mass loading for water-based Si-

graphite anodes.  

 Recent developments in commercial LIB anodes for electric vehicles (EVs) have 

demonstrated that Si-graphite composite materials are promising candidates for efficient lithium 

storage, leveraging the high capacity of Si-based materials with the ultrahigh stability of graphite 

[170,171]. the proportion of silicon-based materials in these commercial Si-graphite electrodes for 

EV batteries usually remains low (<10 wt.%) [172,173]. The Si content is adjusted depending on 

the targeted balance between increased energy density and cycling stability. In the current study, 

we followed the slurry composition reported by researchers at the Oak Ridge National Laboratory 

and Argonne National Laboratory, where 17 wt.% of the graphite is replaced with Si-based 

materials [99,174]. We combined SiNQ-a or SiNQ-g with conventional mesocarbon microbead 

(MCMB) graphite to explore the potential performance enhancement derived from our newly 

developed Si-based nano-quills. We prepared 17% SiNQ-a/MCMB and 17% SiNQ-g/MCMB 

electrodes coated on a copper foil current collector. Commercial Si (100-nm dia.) was also used to 

make a 17% c-Si/MCMB electrode for comparison of commercial Si materials to SiNQs. An 

MCMB electrode (without Si addition) was also prepared for comparison of electrode performance 

before Si is incorporated. The active mass loading in each of the four electrodes ranged from  3.5 

– 4.5 mg cm-2.  

All graphite and Si-containing anodes were subjected to a formation cycle at 0.05C 

followed by cycling at 0.1C for 200 cycles. A current density of 900 mA g-1 was designated as the 

equivalent to 1C derived from multiplying the weight proportion of Si with 4200 mAh g-1 and the 

weight portion of graphite with 372 mAh g-1 . The charge-discharge profiles of the anodes and 
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their corresponding Coulombic efficiency values for the first 20 cycles are plotted in Figure 4.8a-

d. The MCMB anode shows an initial Coulombic efficiency (ICE) of 88%. The incorporation of 

SiNQ-g, SiNQ-a, and c-Si shifts the ICE to 81.3, 82.8, and 84.4%, respectively. At 0.1C, the 

MCMB anode exhibits a stable capacity of around 0.9 mAh cm-2 over 200 cycles (Figure 4.8g). 

Both 17% SiNQ-g/MCMB and 17% c-Si/MCMB anodes deliver an initial reversible capacity of 

2.2 mAh cm-2, which is around 2.5 times the capacity of pure MCMB anode. Notably, this 

achievement is particularly impressive for anodes containing SiNQ-g, given its composition is 

comprised primarily of silicon oxides, yet manages to deliver a capacity on par with commercial 

Si products, which are almost entirely made of elemental Si. After 200 cycles, a distinct divergence 

occurs, where the 17% c-Si/MCMB anode shows a capacity drop to 0.9 mAh cm-2, corresponding 

to a capacity retention of 36%. While the 17% SiNQ-g/MCMB anode delivered a capacity 

retention of 75%. The 17% SiNQ-a/MCMB anode delivers an initial reversible capacity of 

1.65 mAh cm-2 and a capacity retention of 81% after 200 cycles. In the context of rate performance, 

the 17% SiNQ-g/MCMB anode outperforms the 17% c-Si/MCMB anode at higher examined 

current rates, as illustrated in Figure 4.8f. The anode with c-Si exhibits a huge capacity drop from 

0.1C to 1C, while the 17% SiNQ-g/MCMB anode delivers a high capacity when subjected to fast 

charging-discharging at 1C. We conducted a literature survey for water-based graphitic anodes in 

which 14 – 17 wt.% of the active material consists of Si-based materials (see Table 4.1) and 

presented a comparative graph in Figure 4.8h. The 17% SiNQ-g/MCMB anode outperforms the 

others by combining a high active mass loading (4.5 mg cm-2) and decent capacity retention (75%, 

200 cycles). 
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Figure 4.9. Cyclic voltammetry of 17% c-Si/MCMB and 17% SiNQ-g/MCMB anodes. The 

anodic scan at 0.1 mV s-1 is characterized by graphite delithiation peak at around 2.5-3.0 V and 

silicon delithiation peak at around 0.5 V. These two peaks are evolving at higher scan rates, with 

different behaviors for c-Si and SiNQ-g. 
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Utilizing cyclic voltammetry, we investigated the behavior of 17% c-Si/MCMB and 

17% SiNQ-g/MCMB electrodes through cathodic and anodic scans, and the results are presented 

in Figure 4.9. Within the cathodic scan (Figure 4.9a and b), characteristic peaks around 0.03, 0.10, 

and 0.17 V represent graphite lithiation to form intercalated LiCx phases [175]. These peaks 

coalesce with the cathodic signature of LixSi alloying observed at 0.18 V [176,177]. In the anodic 

scan, subtle peaks at 0.25 and 0.29 V denote the progressive delithiation mechanism transitioning 

from the LiC6 phase to intermediary species [175]. An additional anodic peak, discernible at 

approximately 0.5 V, is attributable to the dealloying process of LixSi [177]. Cyclic voltammetry 

measurements were conducted from 0.1 to 2.0 mV s-1 scan rate to elucidate the battery reaction 

kinetics. In the context of 17% SiNQ-g/MCMB anode, the anodic peaks signatures corresponding 

with LiCx delithiation (0.25 and 0.29 V) are prominent at lower scan rates. However, at scan rates 

higher than 0.8 mV s-1, the graphite peaks are overtaken by the anodic peak of LixSi (Figure 4.9d). 

Conversely, for 17% c-Si/MCMB anode, the anodic peak associated with graphite delithiation 

remains pronounced up to 2 mV s-1, where the peak currents for graphitic and Si delithiation peaks 

remain in consistent proportions throughout the scans (Figure 4.9c). The ratio of graphitic peak 

current to Si peak current decreases with increasing scan rate, as shown in Figure 4.9e and f. Thus, 

at scan rates above 2 mV s-1, the delithiation peak current attributed to Si is projected to exceed 

that of graphite, including configurations with c-Si. Although the scan rate at which the dominant 

peak shifts from graphite to Si will differ for the  c-Si and SiNQ-g materials studied. The 

phenomenon, wherein the dominant peak transitions at elevated scan rates, manifests as a recurrent 

observation for both c-Si and SiNQ-g materials, subverting conventional expectations that Li 

(de)intercalation from graphite should precede the phase-change governed delithiation of Si-based 

materials. 
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Figure 4.10. Differential capacity plots for all studied anodes: (a) pure MCMB graphite, (b) 

17% c-Si/MCMB, (c)17% SiNQ-a/MCM), and (d) 17% SiNQ-g/MCMB (The characteristic peaks 

in anodic and cathodic curves are marked). Electrochemical impedance spectroscopy results; 

Nyquist plots of (e) 17% c-Si/MCMB and (f) 17% SiNQ-g/MCMB electrodes after cycles 5 and 

25. The equivalent Randles circuit used for modeling the EIS spectra is presented in (g) as an 

example of an experimental and simulated Nyquist plot. Impedance values derived from fitting 

models are plotted in (h). 

The differential capacity plots (Figure 4.10) display prominent peaks that correspond with 

the observations identified from the charge-discharge curves. The MCMB anode exhibits 

characteristic delithiation peaks at approximately 0.11, 0.16, and 0.24 V, in addition to 

characteristic lithiation peaks around 0.08, 0.11, and 0.20 V, which correspond to the voltage 

plateaus resulting from lithium-graphite (de)intercalation [178,179]. All composite electrodes with 

Si-based materials consistently exhibit a lithiation peak at the endpoint of <0.05 V. This peak 

indicates a phase transition from amorphous to crystalline structures, aligning with the Li15Si4 

stoichiometry [87]. Additionally, a broad delithiation peak observed between 0.25 – 0.4 V suggests 
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the reformation of amorphous Si [180]. Furthermore, a significant delithiation peak appearing near 

0.5 V signifies a two-phase reaction, highlighting the conversion from crystalline Li15Si4 to 

amorphous LixSi species [180,181]. Following the formation cycle, a subtle peak emerges at 

approximately 0.25 V during the lithiation of the 17% c-Si/MCMB anode, as shown in the inset 

of Figure 4.10b. This peak becomes more pronounced in later cycles. Conversely, this voltage 

level does not display a noticeable peak for the MCMB, 17% SiNQ-a/MCMB, or 17% SiNQ-

g/MCMB anodes.  

The emergence of an additional lithiation peak at 0.25 V for the 17% c-Si/MCMB electrode 

suggests electrolyte decomposition. To delve deeper, electrochemical impedance spectroscopy 

(EIS) analyses were conducted on both 17% SiNQ-g/MCMB and 17% c-Si/MCMB electrodes at 

the 5th and 25th cycles. The Nyquist plots (presented in Figure 4.10e and f) were analyzed based 

on the Randles circuit model shown in Figure 4.10c, and the series resistance (R1), the SEI 

resistance (R2), and the charge-transfer resistance (R3) values were estimated. The R1, R2, and R3 

variations are depicted in Figure 4.10d. Notably, the 17% SiNQ-g/MCMB anode exhibited higher 

series resistance, potentially due to its greater porosity and consequent higher internal impedance 

compared to c-Si. Across 25 cycles, R1 remained relatively unchanged for both anodes, but a 

marked increase in R2 and R3 was observed in the 17% c-Si/MCMB anode, contrasting with a 

decrease in R2 and stable R3 for the 17% SiNQ-g/MCMB anode. The rising R2 and R3 values in 

the 17% c-Si/MCMB electrode, coupled with the additional lithiation peak (inset, Figure 4.10b) , 

indicate side reactions likely stemming from c-Si particle pulverization during the charge-

discharge cycles and electrolyte breakdown on newly exposed Si surfaces [182]. These phenomena 

underscore the cycling stability challenges faced by the 17% c-Si/MCMB.  
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Figure 4.11. Initial charge-discharge profiles for 17% SiNQ-g/MCMB anodes pre-lithiated for 

(a) 0, (b) 3, (c) 5, (d) 7, (e) 10, and (f) 15 minutes. Summary of (a) ICE outcomes after pre-

lithiating and (b) cycling behavior of the optimal pre-lithiated electrode for 5 minutes between 

1.5 V and 0.005 V (1C = 900 mA g-1). 
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As previously demonstrated, the 17% SiNQ-g/MCMB anode exhibits an ICE of 81.3% 

(Figure 4.8e). The loss of active Li in the first cycle impacts the specific energy density of full 

cells, where this anode is paired with a cathode containing a limited Li inventory. As such, we 

conducted a systematic pre-lithiation study to efficiently preset Li+ ions in the anode active 

materials and compensate for the initial Li loss. The utilized pre-lithiation process entails direct 

contact between the 17% SiNQ-g/MCMB electrode and a Li chip under pressure while both of 

them are immersed in an electrolyte for a specified duration. The charge-discharge profiles of 

17% SiNQ-g/MCMB electrodes pre-lithiated for 0, 3, 5, 7, 10, and 15 minutes are summarized in 

Figure 4.11g. We noticed that the ICE increases monotonically with the pre-lithiation time. An 

ICE of 97.5% is achieved following a 5-minute pre-lithiation, and thus, it is considered as the 

optimal pre-lithiation condition. The optimally pre-lithiated electrode was subjected to cycling at 

0.1C. As seen in Figure 4.11h, a stable cycling with an average CE of 99.4 % was achieved.  
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Figure 4.12. Electrochemical cycling of 17% SiNQ-g/MCMB electrodes at high current 

densities. (a) discharging at 0.1C and charging at 2C, (b) discharging at 2C and charging at 

0.1C, and (c) discharging at 2C and charging at 2C. Half cells were cycled between 1.5 V and 

0.005 V (1C = 900 mA g-1). The formation cycle was performed at 0.05C. 

Fast charging and discharging batteries enhance the versatility of EVs, making the latter 

suitable for various applications, from long-distance travel to urban commuting. These capabilities 

would reduce the time required to replenish the vehicle's energy and facilitate features such as 

regenerative braking and rapid acceleration, improving the overall performance of EVs. To enable 

fast charging/discharging batteries, Si-graphite anodes must demonstrate enhanced kinetics during 

both lithiation and delithiation at high current densities. To examine this, we cycled 17% SiNQ-

g/MCMB electrodes (with active mass loading of 3.0 mg cm-2) under three different conditions: 

(i) continuous cycling with lithiation at 0.1C (0.27 mA cm-2) and delithiation at 2C (5.4 mA cm-2) 

in each cycle, (ii) continuous cycling with lithiation at 2C and delithiation at 0.1C in each cycle, 

and (iii) alternative cycling in which the anode underwent 3 cycles at 0.1C followed by 97 cycles 

at 2C, and this process was repeated 5 times (i.e., a total of 500 cycles). The results from these 

three testing conditions are presented in Figure 4.12. 

The battery subjected to lithiation at 0.1C and delithiation at 2C (case i) demonstrated a 

reversible discharge capacity of 1.21 mAh cm-2, maintaining stability in subsequent cycles and 

achieving a CE of >99% after three cycles (Figure 4.12a). The battery cycled at 2C lithiation, and 

0.1C delithiation (case ii) delivered a stable capacity of 0.64 mAh cm-2, with a CE of >99% after 

the second cycle (Figure 4.12b). To assess the anode's recuperative performance following periods 

of rapid cycling, we subjected the anode to the cycling conditions referenced in case iii. As 

presented in Figure 4.12c, the battery demonstrated an initial reversible discharge capacity of 
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1.32 mAh cm-2 at 0.1C. Following cycles of high current rate exposure (at 2C), the battery's 

capacity exhibited a notable recovery, achieving values of 1.46, 1.39, 1.33, and 1.30 mAh cm-2, 

respectively, during each subsequent cycling interval (at 0.1C) interspersed within the test 

regimen. 

 

Figure 4.13. Cycling performance of electrode containing only SiNQ-g under (a) constant 

cycling at 0.1C, and (b) alternative cycling in which the anode underwent 25 cycles at 0.1C 

followed by 200 cycles at 0.5C followed by 25 cycles at 0.1C then 500 cycles at 0.5C and lastly 

25 cycles at 0.1C. Battery half-cell in this study is cycled between 1.0 V and 0.01 V (1C = 4200 

mA g-1), and the formation cycle was performed at 0.05C. 

We conducted a high current rate cycling experiment on a battery, utilizing solely SiNQ-g 

as the active material, at approximately 2000 mA g-1. This was done to assess the battery's 

performance and facilitate a comprehensive comparison with materials previously reported in the 

literature, as illustrated in Figure 4.13. The battery, subjected to continuous cycling at a rate of 

0.1C, exhibited a notable reversible capacity of 1424 mAh g-1and maintained 86% of this capacity 

after 200 cycles. Additionally, the battery underwent cycling at a rate of 0.5C, interspersed with 

periods of 0.1C to evaluate capacity recovery following high current rate testing. Initially, at 
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interspersed 0.1C cycling, a capacity of 1000 mAh g-1 was recorded. After undergoing 200 cycles 

at a rate of 0.5C, the capacity restored to 90% of its initial value upon reverting to 0.1C cycling. 

Moreover, after 700 cycles, it successfully recovered 75% of the original capacity, demonstrating 

the resili3ence and potential longevity of the SiNQ-g material in high-rate cycling conditions. 

Furthermore, the electrochemical performance of batteries utilizing only SiNQ-g as the active 

material is compared with other silicon-based materials synthesized via magnesium reduction, as 

shown in Table 4.2. 
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Table 4.1. A literature review of the electrochemical performance of Si-graphite electrodes from aqueous slurries. 

Anode 

Electrolyte 
Half-cell 
testing 

condition 

Capacity 
retention 

(%) 
Ref 

Active material Composition 

Si content 
in active 
material 
(wt.%) 

Active 
mass 

loading 
(mg cm-2) 

c-Si/ 
MCMB graphite 

Si/MCMB/ 
LiPAA/Super P 
(15:73:10:2) 

17 4.5 
1M LiPF6  
EC:DMC (1:1) 
 + 10% FEC 

0.005–1.5 V 
90 mA g-1 

40%, 200 
cycles 

This 
work 

SiNQ-g/ 
MCMB graphite 

SiNQ-g/MCMB/ 
LiPAA/Super P 
(15:73:10:2) 

17 4.5 
1M LiPF6  
EC:DMC (1:1) 
+ 10% FEC 

0.005–1.5 V 
90 mA g-1 

85%, 100 
cycles 
75%, 200 
cycles 

This 
work 

Commercial Si/ 
Graphite 

Si/CNT/graphite/CM
C/PAA/Super P 
(8.8:3.2:68:7.5:7.5:1
0) 

15 1.2 1 M LiPF6 
EC:DMC (3:7) 

0.01–1.5 V 
120 mA g-1 

68%, 50 
cycles [68] 

Si-C/ 
Graphite  

Si/C/graphite/PAA/ 
Super P 
(12:20:48:10:10) 

15 1.5 1M LiPF6  
EC:DMC (3:7) 

0.01–2.0 V 
130 mA g-1 

80%, 100 
cycles [183] 

Si(CVD)@Carbo
n/ 
Flaked graphite 

Si/C/graphite/CMC/ 
Super P 
(12:8:60:5:15) 

15 1.92 

1 M LiPF6 
EC:EMC:DMC 
(1:1:1) 
+ 5% FEC + 0.5% 
VC 

0.01–1.2 V 
200 mA g-1 

94.3%, 100 
cycles [184] 

Nano-Si@C/ 
Graphite 

Si/C/graphite/CMC&
SBR/Carbon black 
(11.68:31.68:36.64:1
0:10) 

14.6 1.5 - 2.0 
1 M LiPF6  
EC:DEC (1:1) 
+ 10% FEC 

0.005–1.5 V 
120 mA g-1 

75.2%, 150 
cycles [185] 

SiNPs/ 
Graphite 

Si/Graphite/ 
LiPAA/Super P 
(15:73:10:2) 

17 2.5 
1.2 M LiPF6 
EC:EMC (3:7) 
+10% FEC 

0.05–1.5 V 
87.5 mA g-1 

66.4%, 100 
cycles [186] 

 

mailto:Nano-Si@C/Graphite
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Table 4.2: Summary of the electrochemical performance of silicon-containing electrodes produced from magnesium reduction. 

Starting material Mg reduction 
conditions 

2nd Cycle capacity 
(mAh g-1) 

Capacity Retention Ref 

SiNQ-g 650 °C for 5 h 1424 86% after 200 cycles This work 

SBA-15 660 °C for 5 h ~350 ~51.7% after 50 cycles [42] 

SBA-15 coated in 
carbonized sucrose 

660 °C for 5 h ~1200 ~87.8% after 50 cycles 

Si nanotube 660 °C for 3 h 1545 ~65% after 90 cycles [187] 

SBA-15 coated in 
carbonized sucrose 

660 °C for 5 h 1492 63% after 50 cycles [44] 

SiO2 700 °C for 5 h 685.8 70.3% after 50 cycles [46] 

Silica-gel on Graphene 
form Si/graphene 

675 °C for 8 h 1743 78.8% after 120 cycles [47] 

Silica from rice husk 650 °C for 7 h 2294 57.1% after 100 cycles [48] 

SiO2 nanosphere 700 °C for 6 h 2980 73.8% after 50 cycles [49] 

SiO2 (15 nm) 700 °C for 2 h 1866.2 37.2% after 100 cycles [50] 

MCM-41 650 °C for 7 h 1757 68.3% after 100 cycles [51] 

Glass fiber coated with 
Carbon 

600 °C for 5 h 1059 47.3% after 150 cycles [52] 
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Chapter Five : KINETICS OF LITHIUM-ION DIFFUSION THROUGH POROUS AND 

HOLLOW SI-BASED MATERIALS** 

5. Synopsis   

 The electrochemical behavior of lithium-ion batteries (LIBs) is dependent upon the 

selection of electrode materials and the properties of the materials, which are shaped by a complex 

network of factors spanning from the atomic level to the macroscopic domain [188]. 

Understanding the nuances of electrode materials is crucial for formulating tailored strategies that 

cater to the specificities of each material, thereby optimizing the performance of lithium-ion 

batteries. Various electrochemical characterization techniques have been employed for kinetic 

investigations, including cyclic voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), and galvanostatic intermittent titration technique (GITT). However, methods such as EIS 

and CV provide an insight into overall average diffusivity, but they do not adequately capture the 

dynamic nature of Li diffusion within LIBs as a function of state of charge/discharge [89]. A 

comparative analysis of these techniques reveals that Li diffusion values determined using EIS, 

CV, and GITT may vary by several orders of magnitude [189]. GITT is emerging as the prominent 

method due to its capacity to dynamically monitor and analyze lithium-ion diffusion as a function 

of state of charge / discharge, providing invaluable insights into the electrochemical performance 

at different state of charge (SOC) levels.  

 
** The authors also acknowledge financial support through Clemson University's Virtual Prototyping of Autonomy 

Enabled Ground Systems (VIPR-GS), under Cooperative Agreement W56HZV-21-2-0001 with the US Army 

DEVCOM Ground Vehicle Systems Center (GVSC) 
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 The widely-adopted approach for analyzing data derived from GITT involves the 

application of Fick’s equation to calculate the diffusion coefficient. This mathematical 

relationship, detailed below, provides a rigorous framework for understanding the underlying 

diffusion processes, however this equation is derived for intercalation-type electrode materials 

[90,91].  

 𝐷𝐷𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =
4
𝜋𝜋 �
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𝐷𝐷𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 
 ( 13 ) 

  Where 𝐹𝐹 is the size of the contact area between the electrolyte and electrode, 𝐼𝐼 is the current 

that is being applied, 𝑉𝑉𝑀𝑀 is the molar volume of active material, 𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑√𝑡𝑡

 is the straight line slope from 

plot of the voltage vs square root of time extrapolated from GITT testing, and 𝑑𝑑𝑑𝑑(𝑥𝑥)
𝑑𝑑𝑥𝑥

 is obtained 

from the derivative of the equilibrium electrode voltage vs x LiXSI plot.   

 Silicon - a phase transformation material - undergoes phase transformation during the 

charge/discharge process [86]. This phase change is a crucial aspect to consider in understanding 

the electrochemical behavior of silicon in battery applications. Equation ( 13 ) fails to consider the 

material's phase transformation, as well as the mechanical stress inflicted on the structure due to 

the volume changes in silicon throughout the charge/discharge process. This study aims to develop 

a model to interpret SiNQ GITT, which factors in (a) the phase transformation of silicon, (b) the 

mechanical stress and volume expansion characteristic to Li-Si alloying, and (c) the distinctive 

hollow and porous morphology of SiNQ materials.  

5.1. Development of GITT Model for Analysis of 1D Hollow and Porous Si Nanotubes 

We assume that all the SiNQ particles within a given electrode sample are at the same 

potential (electrically in parallel). So, to study lithium diffusion within the electrode as a function 
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of state of charge/discharge, we leverage a single particle model developed below. This single 

particle model developed to extract lithium diffusion coefficients from the experimental GITT data 

accounts for (a) phase transformation, (b) volume expansion/contraction and mechanical 

stress/strain, and (c) innate hollowness of SiNQs.  

As shown in Figure 5.1, SiNQ is assumed to have two phases: (a) the delithaited or low 

state of charge phase α and (b) the lithiated or the high state of charge phase β. The β  phase is 

assumed to be present near the boundaries and the α phase is sandwiched because the hollow nature 

of SiNQ implies that it will get lithiated from both the inner and outer radii.   

 

Figure 5.1. Schematic representation of SiNQ and cross sectional overview showing the lithium-
free (α) phase and Li-Si (β) phase. 
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The interfacial boundary condition for flux at an electrode surface is governed by the following 

equations [190] 

 𝐽𝐽𝑖𝑖(𝑑𝑑) = −𝐷𝐷𝑖𝑖  
𝜕𝜕𝛻𝛻𝑖𝑖
𝜕𝜕𝑑𝑑

+ 𝛻𝛻𝑖𝑖𝑣𝑣(𝑑𝑑) ( 14 ) 

 where 𝑆𝑆 ∈ {𝛼𝛼,𝛽𝛽},𝛻𝛻 represents concentration, 𝑑𝑑 the radial co-ordinate, and 𝑣𝑣 stands for 

interfacial velocity.  The interfacial velocity is assumed to be zero within any particular current 

and rest pulse. However, we update the interfacial location and the inner and outer radii after every 

rest pulse. This is akin to discretizing the volume expansion/contraction and interfacial movement 

problem in time.  The temporal and spatial variation of lithium concentration is governed by the 

following equation 

 
𝜕𝜕𝛻𝛻𝑖𝑖
𝜕𝜕𝑡𝑡

= ∇. 𝐽𝐽𝑖𝑖 ( 15 ) 

Assuming the interface to be stagnant (as described above) gives 

 
𝜕𝜕𝛻𝛻𝑖𝑖
𝜕𝜕𝑡𝑡

=
𝐷𝐷𝑖𝑖
𝑑𝑑
𝜕𝜕
𝜕𝜕𝑑𝑑

(𝑑𝑑
𝜕𝜕𝛻𝛻𝑖𝑖
𝜕𝜕𝑑𝑑

) ( 16 ) 

where (a) 𝑅𝑅1 ≤ 𝑑𝑑 < 𝑑𝑑1 and 𝑑𝑑2 ≤ 𝑑𝑑 ≤ 𝑅𝑅2 for 𝑆𝑆 = 𝛽𝛽 and (b) 𝑑𝑑1 ≤ 𝑑𝑑 < 𝑑𝑑2 for 𝑆𝑆 = 𝛼𝛼.  

The boundary conditions for the β phase (shown below) assume an immediate charge transfer 

reaction at the electrode-electrolyte interface. Hence, the lithium flux at the interface should be 

equal to the rate of electron supply. This implies that 

 −𝐷𝐷𝛼𝛼
𝜕𝜕𝛻𝛻𝛼𝛼
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅1  =
𝑆𝑆𝜌𝜌𝛼𝛼(𝑅𝑅22 − 𝑅𝑅12)

2𝐹𝐹𝑅𝑅1
 ( 17 ) 

 𝐷𝐷𝛼𝛼
𝜕𝜕𝛻𝛻𝛼𝛼
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅2  =
𝑆𝑆𝜌𝜌𝛼𝛼(𝑅𝑅22 − 𝑅𝑅12)

2𝐹𝐹𝑅𝑅2
 ( 18 ) 
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where 𝑆𝑆 represents the specific current density (positive for discharge (lithiation of SiNQ), negative 

for charge (delithiation of SiNQ), and 0 for the rest pulse ), 𝜌𝜌 is the material density, and 𝐹𝐹 is the 

Faraday’s constant. Additionally, at the interfaces 𝑑𝑑1 and 𝑑𝑑2, the flux in both the phases should be 

equal. Hence,  

 −𝐷𝐷𝛽𝛽
𝜕𝜕𝛻𝛻𝛽𝛽
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑟𝑟1 =  −𝐷𝐷𝛼𝛼
𝜕𝜕𝛻𝛻𝛼𝛼
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑟𝑟1 , ( 19 ) 

 −𝐷𝐷𝛽𝛽
𝜕𝜕𝛻𝛻𝛽𝛽
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑟𝑟2 =  −𝐷𝐷𝛼𝛼
𝜕𝜕𝛻𝛻𝛼𝛼
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑟𝑟2  . ( 20 ) 

The interfacial concentration in the 𝛼𝛼 and 𝛽𝛽 phases is related to each other via the following 

relationship: 

 (𝑘𝑘1
𝐶𝐶𝛼𝛼

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
+ 𝑏𝑏1)|𝑟𝑟1,𝑟𝑟2 =  (𝑘𝑘2

𝐶𝐶𝛽𝛽
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝑏𝑏2)|𝑟𝑟1,𝑟𝑟2,  ( 21 ) 

where 𝑘𝑘1, 𝑏𝑏1, 𝑘𝑘2, and 𝑏𝑏2 are the slope and intercept of the 𝛼𝛼 and 𝛽𝛽 phase lines, respectively.  

The initial condition is as follows: 

 𝛻𝛻𝑖𝑖(𝑑𝑑, 𝑡𝑡 = 0) =  𝛻𝛻𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡(𝑑𝑑) ( 22 ) 

In order to avoid computational complexities, we solve the problem for the rest pulse (𝑆𝑆 = 0), 

which makes the governing equations and the boundary conditions homogeneous. This allows us 

to use the ‘separation of variable’ technique: a technique used for solving partial differential 

equations. Briefly, we assume that 𝛻𝛻𝑖𝑖(𝑑𝑑, 𝑡𝑡) = 𝐺𝐺(𝑑𝑑)𝐻𝐻(𝑡𝑡). Leveraging the separation of variable 

technique yields the following analytical solution: 

 𝛻𝛻𝑖𝑖 = �(𝑎𝑎𝑖𝑖𝑖𝑖𝐽𝐽0(𝜆𝜆𝑖𝑖𝑖𝑖𝑑𝑑) + 𝑏𝑏𝑖𝑖𝑖𝑖𝑌𝑌0(𝜆𝜆𝑖𝑖𝑖𝑖𝑑𝑑
∞

𝑖𝑖=1

)) exp(−𝜆𝜆𝑖𝑖𝑖𝑖2 𝐷𝐷𝑖𝑖𝑡𝑡) ,      𝑆𝑆 ∈ {𝛼𝛼,𝛽𝛽} ( 23 ) 
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The coefficients 𝑎𝑎𝑖𝑖𝑖𝑖, 𝑏𝑏𝑖𝑖𝑖𝑖, and 𝜆𝜆𝑖𝑖𝑖𝑖 are obtained using the (a) boundary conditions and the (b) initial 

condition in conjunction with the orthogonality condition (shown in Figure 5.1).  

In line with LIB theory, during charge, lithium ions diffuse radially into the active material 

and are extracted during discharge [191]. This transformation between material phases, coupled 

with significant volume changes, renders silicon susceptible to brittle fracture [192]. Consequently, 

a linear elastic model will be employed to analyze deformations and evaluate stress conditions 

within the α and β phases. The stress-strain relations in cylindrical coordinate system in the radial 

and tangential direction are as follows [97]:  

 𝜀𝜀𝑟𝑟 =
1
𝑑𝑑

(𝜎𝜎𝑟𝑟 − 2𝜈𝜈𝜎𝜎𝜃𝜃) +
1
3
𝛺𝛺𝛻𝛻 ( 24 ) 

 𝜀𝜀𝜃𝜃 =
1
𝑑𝑑

((1 − 𝜈𝜈)𝜎𝜎𝜃𝜃 − 𝜈𝜈𝜎𝜎𝑟𝑟) +
1
3
𝛺𝛺𝛻𝛻 ( 25 ) 

where 𝜎𝜎 represents stress, 𝜀𝜀 represents strain, 𝑑𝑑 is the Young’s modulus, Ω is the partial molar 

volume, and 𝜐𝜐 is the Poisson’s ratio. Due to the assumption of cylindrical symmetry for SiNQ-g, 

the radial and tangential strains have the following relation [97]:  

 𝜀𝜀𝑟𝑟 =
𝑑𝑑𝑢𝑢
𝑑𝑑𝑑𝑑

 ( 26 ) 

 𝜀𝜀𝜃𝜃 =
𝑢𝑢
𝑑𝑑

 ( 27 ) 

 where 𝑢𝑢 represents the radial displacement. In the context of solid-state diffusion, 

mechanical equilibrium is approached as a problem of static equilibrium. This approach is justified 

by the fact that the diffusion of species within solids transpires at a markedly slower rate than the 
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process of elastic deformation [193]. Static mechanical equilibrium in the cylindrical is represented 

by [97]:  

 𝑑𝑑𝜎𝜎𝑟𝑟
𝑑𝑑𝑑𝑑

+
𝜎𝜎𝑟𝑟 − 𝜎𝜎𝜃𝜃

𝑑𝑑
= 0 ( 28 ) 

 Combining the equations above will allow us to find the equation needed to calculate for 

the stress component at any point, 𝑑𝑑1, where 𝑅𝑅1 ≤ 𝑑𝑑1 ≤ 𝑅𝑅2. The equation is as follows: 

 
2(1 − 𝜈𝜈) [𝑑𝑑2𝜎𝜎𝑟𝑟(𝑑𝑑1)] − 𝜈𝜈(𝑑𝑑12 − 𝑅𝑅12)𝜎𝜎𝑟𝑟,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1)

= −
𝑑𝑑Ω
3

(𝑑𝑑12 − 𝑅𝑅12)𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) + (𝑑𝑑12 − 𝑅𝑅12)𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 
( 29 ) 

 where 𝜎𝜎𝑟𝑟,𝑓𝑓𝑎𝑎𝑎𝑎 represents the average stress concentration in the cylinder, and given by the 

following equation:  

 𝜎𝜎𝑟𝑟,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) =
2

(𝑑𝑑12 − 𝑅𝑅12)
� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟
𝑟𝑟1

𝑅𝑅1
 ( 30 ) 

The aim, using these equations, is to analyze data from GITT experiments, segregate 

individual current pulses, and refine the concentration equations to align with the experimental 

data, adjusting 𝐷𝐷𝛼𝛼 for the best fit. This process will determine 𝐷𝐷𝛼𝛼 for each pulse, resulting in a plot 

of lithium ion diffusion in relation to the state of charge. 

5.2. Results and Discussion 

The material properties of Li and Si are summarized on Table 5.1. 
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Table 5.1. Active material properties 

Parameters Values 

ΩSi (m3 mol-1) [194] 9 × 10−6  

ΩLi (m3 mol-1) 1.297 × 10−5 

cSi,max (mol m-3) [195] 278000 

cth (mAh g-1)  1800 

Δ cth (mAh g-1) 104.955 

 

 

Figure 5.2. (a) Charge and discharge GITT curve for SiNQ sample and (b) equilibrium potential 

from charge and discharge GITT curve. 

The data derived from GITT testing, showing the voltage response during the current 

pulses are plotted in relation to the state of charge (SOC) and depicted in Figure 5.2a. The voltage 

plateau where the equilibrium voltage is achieved is extrapolated from every rest period and 

presented in Figure 5.2b. The SOC was determined using the theoretical capacity of Si-SiOx 

mixture (~1800 mAh/g), the applied current pulse, pulse duration, and the total mass of Si present 
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in the electrode, and the Si:SiOx ratio of 27:73 (determined experimentally in previous chapters). 

These calculations were performed utilizing the following equations [90]: 

 ∆𝑐𝑐 =  −
𝐼𝐼 𝑡𝑡
𝑑𝑑𝐴𝐴𝑀𝑀

 ( 31 ) 

 𝐹𝐹𝑂𝑂𝛻𝛻𝑝𝑝+1 = 𝐹𝐹𝑂𝑂𝛻𝛻𝑝𝑝 +
∆𝑐𝑐
𝑐𝑐𝑡𝑡ℎ

 ( 32 ) 

 
Figure 5.3. GITT parameters were derived in accordance with the potential-composition 

isotherm chart, as elaborated in the schematic diagram by Zhu and Wang [91]. 

GITT parameters required for simulation purposes must be extracted from the equilibrium 

potential plot illustrated in Figure 5.2b. The process employed to extrapolate these parameters is 

meticulously outlined in Figure 5.3and the results are listed in Table 5.2. The equilibrium potential 

(Eeq) is approximated by taking the mean of the discharge equilibrium potential (EDE) and the 
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charge equilibrium potential (ECE) [91]. The slope profile is derived by applying the slope formula 

to the first and second discharge equilibrium points, as well as the last two discharge equilibrium 

points. Subsequently, the essential parameters outlined in Table 5.2 are determined by tracing 

vertically downward from the intersection points to locate their corresponding values on the x-

axis. The parameters 𝑘𝑘1, 𝑘𝑘2, 𝑏𝑏1, 𝑏𝑏2 were obtained by fitting straight lines to the 1st 2 discharge 

equilibrium voltage and the last 2 charge equilibrium voltage points. 

Table 5.2.Parameters for GITT simulation. 

Parameter Value 

𝑏𝑏1 1 

𝑘𝑘1 -9.3153 

𝑏𝑏2 1.1374 

𝑘𝑘2 -1.1439 

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥 (mol/cm3) 4333.12 

𝛻𝛻𝑓𝑓𝑎𝑎 (mol/cm3) 254.8894118 

𝛻𝛻𝑏𝑏𝑎𝑎 (mol/cm3) 4078.230588 

𝛻𝛻𝑓𝑓𝑎𝑎

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥   
 0.058823536 

𝛻𝛻𝛽𝛽
𝑎𝑎

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥   
 0.94117657 

 
In order to solve the governing equations, for the rest pulses, it is necessary to determine 

the initial concentration profile at the beginning of the rest pulse. The initial concentration profile 

at the beginning of the rest pulse can be determined by studying the evolution of interfacial 

concentration towards the end of the preceding discharge pulse. The experimental interfacial 

concentration profiles for the α and β phases were found to evolve linearly with time for the last 

portion of the pulses. The linear fits for the α and β phase are shown in Figure 5.4a and b. This 
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indicates that the change in concentration due to lithiation at the electrode-electrolyte interface is 

directly leading to a change in concentration at the interface between α and β phases, shown as r1 

and r2 in Figure 5.4c. This is only possible after concentration gradients have been established 

throughout the β/α phases and when the slope and curvature of the concentration profile (in radial 

direction) does not change over time. However, the concentration itself increases as a function of 

time because of the ongoing lithiation process.  

 

Figure 5.4. Concentration profiles showing the linear region of each current pulse and the 

subsequent fitting for the (a) alpha phase and (b) beta phase, and (c) schematic representation of 

the phase separation. 
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This determination of the initial concentration profile for the rest pulse leverages both (a) 

the known interfacial concentration values at the start of the rest pulse and (b) the fact that the 

current during the rest pulse is equal to zero (implying slope of concentration profile (in the radial 

direction) at the electrode-electrolyte interfaces should be equal to 0). The initial concentration 

profile for the rest pulse is of the form shown below 

 
𝛻𝛻(𝑑𝑑) = 𝐶𝐶0𝑟𝑟2

4𝐷𝐷𝛽𝛽
− 𝛻𝛻1 ln(𝑑𝑑) + 𝛻𝛻2, 

( 33 ) 

 
where 𝛻𝛻0 is the slope of the interfacial concentration with respect to time towards the end of the 

preceding discharge/charge pulse.  

One Term approximation 

Using the above mentioned initial concentration profile, the orthogonality condition and 

the boundary conditions, an exact solution may analytical solution seems possible. However, due 

to lack of available computational resources (software such as MATLAB) which are needed to 

solve coupled non-linear equations simultaneously, a ‘one term approximation’ approach was 

adopted. In one-term approximation approach, only the first term (i.e. the lowest eigenvalue (λ)) 

of the infinite summation series for the concentration profile is considered. This is because the 

contribution of terms with higher eigenvalues are expected to drop to zero much faster compared 

to the terms with smaller eigenvalues. While this simplifies the problem, it does lead to root-mean-

squared error of about 10%  for both 𝛻𝛻𝛽𝛽 and 𝛻𝛻𝑓𝑓 when compared to the experimental profiles. The 

% error was calculated with respect to the difference in experimentally obtained interfacial 

concentrations at the start and the end of the rest pulse. The plots obtained from the first rest pulse 

have been shown in Figure 5.5. Efforts are in progress to improve the accuracy of the fits by 

incorporating a few more terms with higher eigenvalues. 
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Figure 5.5. Simulated fitting of the rest period for the concentration profile in the (a) α and (b) β 
phase.  

Utilizing a single-term approximation introduces certain limitations due to the single value 

of λ, which represents a specific length scale (as λr- the argument of Bessel functions in the 

concentration profile- is non-dimensional). Hence, this method fails to capture the full spectrum 

of relevant length scales that vary over the duration of the rest period. These variations in length 

scale can result from different phases—already taken into account—or due to volume changes 

over time. To address this, we propose fitting the model for each one-hour interval.  
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 To address this, we propose fitting the model for each one-hour interval, recalculating 

the values of 𝛻𝛻0, 𝛻𝛻1, and 𝛻𝛻2 for both α and β phase. This approach allows for the approximation 

of constant straight slopes representing the diffusion length scale within each period. We will 

need to find the steady state concentrations of 𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 and  𝛻𝛻𝛼𝛼,𝑆𝑆𝑆𝑆 from  

𝑇𝑇𝑦𝑦𝑡𝑡𝑎𝑎𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑 𝑦𝑦𝑜𝑜 𝐿𝐿𝑆𝑆 =  𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 × 𝑉𝑉𝛽𝛽 + 𝛻𝛻𝛼𝛼,𝑆𝑆𝑆𝑆  × Vα  

1.7776𝑑𝑑−6 =  𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 × 1.0022𝑑𝑑−9 + 𝛻𝛻𝛼𝛼,𝑆𝑆𝑆𝑆  × 2.88447𝑑𝑑−9  

Note that the volume and moles here are at the electrode level. 𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 and  𝛻𝛻𝛼𝛼,𝑆𝑆𝑆𝑆 are also related by 

the following relation:  

𝑘𝑘1
𝛻𝛻𝛼𝛼,𝑆𝑆𝑆𝑆

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥
+ 𝑏𝑏1 =  𝑘𝑘2

𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥
+ 𝑏𝑏2 

𝛻𝛻𝛼𝛼,𝑆𝑆𝑆𝑆 =
𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥

𝑘𝑘1
�𝑘𝑘2

𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥
+ 𝑏𝑏2 − 𝑏𝑏1� 

𝑇𝑇𝑦𝑦𝑡𝑡𝑎𝑎𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑 𝑦𝑦𝑜𝑜 𝐿𝐿𝑆𝑆 =  𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 × 𝑉𝑉𝛽𝛽 +
𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥

𝑘𝑘1
�𝑘𝑘2

𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆

𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥
+ 𝑏𝑏2 − 𝑏𝑏1�  × Vα  

𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 =
𝐿𝐿𝑆𝑆𝑡𝑡𝑠𝑠𝑡𝑡𝑓𝑓𝑠𝑠𝑘𝑘1 − 𝛻𝛻𝑚𝑚𝑓𝑓𝑥𝑥𝑉𝑉𝛼𝛼(𝑏𝑏2 − 𝑏𝑏1)

𝑘𝑘1𝑉𝑉𝛽𝛽 + 𝑘𝑘2𝑉𝑉𝛼𝛼
  

𝛻𝛻𝛽𝛽,𝑆𝑆𝑆𝑆 = 1368.2 𝑑𝑑𝑦𝑦𝑦𝑦 𝑑𝑑−3 

However, the experimental data suggests that the extrapolated 𝛻𝛻𝛽𝛽 concentration within the first 5 

seconds is below 1348 mol m-3. So this implies that there is a volume change during the first cycle. 

Figure 5.6 shown below shows that the diffusion coefficients obtained using Eq. 1 for the lithiation 
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and delithiation pulses ~ 1E-16 m2 s-1.  However, as shown in Figure 5.4a and b, the interfacial 

concentration grows linearly with time for almost all the charge/discharge pulses during at least 

the last 200 s. This indicates that the shape of the spatial concentration profile does not change 

over time after the first 1600 s, implying that the lithium ions have traversed across the α/β phase. 

Thus, an order of magnitude analysis to get an approximate diffusion coefficient suggests that 

𝐷𝐷~ 𝐿𝐿2

𝑡𝑡
 where 𝑡𝑡~ 1600 s, and 𝐿𝐿 is the length scale of the corresponding phase. 𝐿𝐿 can be obtained 

by calculating the interfacial radii 𝑑𝑑1 and 𝑑𝑑2. The interfacial radii after the first discharge pulse 

(which leads to lithiation of SiNQ) are obtained by (a) assuming that total volume before and after 

lithiation has not changed (this is not very far from reality for the first pulse as state of charge does 

not change significantly within one pulse), (b) the concentration profile at the end of the rest pulse 

is uniform within a particular phase, and the concentration is equal to the interfacial concentration.  

Since lithiation only takes place during the discharge pulse, the total number of moles of lithium 

ions at the end of rest pulse should be equal to the number of moles of lithium at the end of the 

preceding discharge pulse. This calculation yields 𝐷𝐷𝛽𝛽~1𝑑𝑑 − 22 𝑑𝑑2𝑑𝑑−1 and 𝐷𝐷𝛼𝛼~ 1𝑑𝑑 −

21 𝑑𝑑2𝑑𝑑−1 for the first discharge pulse. This clearly shows that not accounting for phase 

transformation can lead to an over-estimation of diffusion coefficients by 5-6 orders of magnitude. 

Literature on lithium-ion kinetics in Si materials indicates a lithium diffusion coefficient range 

from 10-12 to 10-11 [92,93] for Si nanoparticles, and 10-11 to 10-9 for porous 3-dimensional Si [96]. 

Variations in diffusion coefficient values is attributed to factors including particle size, electrode 

tortuosity, surface area, and morphology [92]. The diffusion coefficient values from literature are 

not distinguished by their respective phases due to the limitations of Eq. 1. Zhu and Wang’s GITT 

modeling of lithium iron phosphate electrode reported diffusion coefficients values for the α and 

β phase, highlighting the need for distinction between the two phases [91]. This underscores the 
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importance of a tailored approach for GITT modeling to obtain an accurate representation of 

lithium-ion kinetics in SiNQ.  

 

Figure 5.6. Diffusion coefficient calculated based on equation ( 13 ) 
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Chapter Six : SUMMARY AND FUTURE WORK 

6. Summary 

6.1. Summary: Cellulose Nanocrystals as a Bio-template for Silica Formation 

The commercial integration of silicon-based batteries has been constrained to a 5-10 wt.% 

silicon content in Tesla Model 3 batteries, primarily due to the substantial volume expansion of 

silicon materials [196]. Engineering specialized structures that offer space for expansion is deemed 

the most effective solution to this challenge. Although numerous strategies for addressing this 

issue have been explored, as detailed in Chapter 1, they frequently involve the use of hazardous 

chemicals that raise safety issues or present scalability challenges. The research proposed here 

seeks to harness bio-renewable cellulose nanocrystals (CNCs) to develop valuable silicon-based 

materials for LIBs. It highlights the advantages of using CNCs as a bio-template for generating 

materials with exceptional surface area and porosity. Given their abundance, renewability, and 

distinct structural features, CNCs serve as an ideal foundation for crafting high surface area, porous 

silicon-based materials. This approach leads to the development of SilicaNQs, characterized by 

their significant surface area and porosity, providing a greener, sustainable, and economical 

method for producing one-dimensional porous silicon-based materials. 

This study meticulously examined the critical factors influencing silica formation to 

achieve a defect-free silica product. It comprehensively explored the impact of solvents, co-

solvents, catalysts, and the template-to-surfactant ratio on silica formation. The BET surface area 

and BJH pore volume of the SilicaNQ material synthesized surpassed the performance of 

commercially available mesoporous silica product. In addition, a streamlined one-step carbon 

coating technique was introduced, where the template is seamlessly converted to carbon in one 

simple pyrolysis step. This innovation significantly enhanced the electrochemical performance, 
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notably doubling the capacity of SilicaNQ@C. Additionally, the study successfully demonstrated 

the scalability of the material production process, transitioning from 200 mgs per trial to several 

grams per trial in a laboratory setting. The novel templating method and scalable process 

developed in this chapter was awarded a patent [197]. Despite this progress, the process is still 

categorized as small-scale, so achieving full commercialization would necessitate collaboration 

with a manufacturing partner to realize its market potential. 

6.2. Summary: Magnesiothermic Reduction for Formation of Si-based materials from 

Templated Mesoporous SilicaNQ  

Leveraging the ultra-high surface area and significant pore volume material discussed in 

Chapter 3, this study utilized magnesiothermic reduction to transform silica into elemental silicon. 

The primary aim was to explore how different crucible materials, selected based on their thermal 

diffusivity properties, impact the final product. Specifically, alumina and graphite crucibles were 

compared, noting that graphite’s thermal diffusivity surpasses alumina's by tenfold at 650°C. By 

varying only the crucible material, we aimed to discern its influence on the morphological integrity 

of the resultant SiNQ materials. The findings revealed that SiNQ-g, processed in graphite, boasted 

a BET surface area double that of SiNQ-a and maintained more of its original hollow structure and 

porosity under electron microscopy. Addressing the challenge of structural collapse during the 

conversion of silica into Si could unlock a broader range of technological applications for Si. The 

novel method of utilizing a high thermally diffusive crucible material and the resulting novel Si 

materials for lithium-ion battery applications were also mentioned in the patent [197]. Moreover, 

this research path led to the elimination of hydrofluoric acid (HF) etching, enhancing the process's 

safety and sustainability.  
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Most notably, the SiNQ materials are water dispersible, eliminating the need for toxic 

solvents such as NMP, that is typically used in the slurry making of hydrophobic commercial Si 

nanoparticles. The SiNQ materials possess unique material properties, characterized by crystalline 

Si pockets within an amorphous Si suboxide matrix. Graphite co-utilization was investigated to 

understand how SiNQ performs with commercial graphite battery materials. SiNQ-graphite 

composite anodes, comprising 17 wt.% SiNQ and achieving an active mass loading of 4.5 mg cm-

2, were fabricated using a water-based slurry. The distinct one-dimensional, hollow morphology 

of SiNQ arms accommodates the volumetric fluctuations during lithium insertion and extraction, 

resulting in anodes of high capacity and excellent cycling stability. Remarkably, SiNQ-g materials, 

rich in Si suboxides, matched the capacity of commercially available pure Si nanostructures, 

highlighting their effectiveness. In addition, SiNQ-based anodes showcased high capacity and 

remarkable cycling stability under high current density (5.4 mA cm-2) cycling. A critical barrier to 

commercialization is the depletion of active lithium in the battery after the initial cycle. 

Prelithiation strategies are adopted commercially to overcome the active material loss [198]. A 

straightforward pre-lithiation strategy was implemented for SiNQ, yielding anodes with nearly 

100% initial coulombic efficiency (ICE), representing a notable breakthrough in enhancing the 

performance of lithium-ion batteries. 

6.3. Summary: Kinetics of Lithium-ion Diffusion into SiNQ  

SiNQ is a unique material produced from this research, therefore it is crucial to elucidate 

the lithium-ion kinetics in the material. To address the complexities inherent in LIB research, 

specifically in analyzing lithium kinetics during the GITT tests, a sophisticated approach to solving 

the governing equations was necessary. This entailed determining the initial lithium concentration 

profiles at the onset of rest periods, which were inferred from the linear evolution of interfacial 
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concentrations at the end of discharge pulses obtained from experimental data. This linear 

relationship indicated a direct link between concentration changes at the electrode-electrolyte 

interface and the phase interfaces, suggesting a steady concentration lithium-ion gradient within 

the material. Utilizing these insights, along with well-established boundary conditions, an initial 

concentration profile for each rest period was established.  Given the computational limitations 

and the complexity of solving coupled non-linear equations, a 'one term approximation' method 

was employed, focusing on the term with the lowest eigenvalue (i.e. first term) for simplification, 

though this resulted in a root-mean-squared error of approximately 10%. Despite the 

simplification, this method provides a foundational understanding of lithium kinetics within the β 

and α phases of LIB materials. Future efforts aim to refine this model by incorporating additional 

terms to enhance the accuracy of the simulations, as demonstrated in the initial rest pulse findings. 

This research underscores the dynamic interplay of lithium concentration gradients in LIBs and 

offers a pathway to more accurately model and predict battery behavior under various charging 

conditions. 

6.4. Future work 

For the SilicaNQ materials, our research focused on evaluating their electrochemical 

performance using buckypaper as the current collector. However, for successful 

commercialization, transitioning to copper foil as the standard current collector is imperative. The 

choice to utilize buckypaper in this study stemmed from challenges encountered in the formulation 

of effective slurries for copper foil applications. Despite experimenting with various polymer 

binders, including PAA, PVDF, CMC, SBR, and sodium alginate, among others, in diverse slurry 

compositions, these initial trials did not yield satisfactory outcomes. This necessitates a more 
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exhaustive future exploration to identify a viable slurry formulation compatible with metallic foils, 

which are prevalent in commercial battery manufacturing processes. 

In the investigation of SiNQ materials, a critical aspect was the analysis of volume changes after 

battery testing, which presented several challenges. Focused ion beam (FIB) milling is a widely 

employed technique for material etching to reveal cross-sectional areas without compromising 

coating integrity, especially in terms of compression. We experienced obstacles due to the high 

hardness of graphite within the electrode, which drastically increased the mill time and the beam 

strength required. A key consequence of using a higher beam strength is the risk of copper 

redeposition on the exposed surfaces when the gallium beam reaches the copper foil, hampering 

SEM analysis of electrode expansion. Our objective in the future work is to refine the FIB 

milling procedure to prevent copper foil redeposition on the surface of milled sections. 

Furthermore, we have established collaboration efforts with Sandia National Laboratory on 

future in-situ TEM studies, aiming to understand the behavior of SiNQ during lithiation and 

delithiation processes in a more comprehensive manner. 

 For future work on GITT analysis, our aim is to enhance the precision of the current model 

by incorporating additional terms. This initiative is inspired by insights gleaned from the initial 

analysis of rest pulse behavior. Our goal is to develop a robust model that accurately captures 

lithium-ion dynamics within SiNQ materials, contributing to a deeper understanding of their 

electrochemical performance. 
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𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

(1 − 𝜈𝜈)𝑑𝑑2
𝑑𝑑𝜎𝜎𝑟𝑟
𝜎𝜎𝑟𝑟

+ (2 − 𝜈𝜈)𝑑𝑑𝑑𝑑 = −
𝑑𝑑Ω
3
𝛻𝛻𝑓𝑓
𝑑𝑑𝑑𝑑𝑑𝑑
𝜎𝜎𝑟𝑟

+
𝑑𝑑𝑑𝑑𝑑𝑑
𝜎𝜎𝑟𝑟

𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

(1 − 𝜈𝜈)� 𝑑𝑑2 𝑑𝑑𝜎𝜎𝑟𝑟
𝑟𝑟1

𝑅𝑅1
+ (2 − 𝜈𝜈)� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟

𝑟𝑟1

𝑅𝑅1
= −

𝑑𝑑Ω
3
� 𝛻𝛻𝑓𝑓𝑑𝑑 𝑑𝑑𝑑𝑑
𝑟𝑟1

𝑅𝑅1
+ � 𝑑𝑑 𝑑𝑑𝑑𝑑

𝑟𝑟1

𝑅𝑅1
𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

� 𝑑𝑑[𝑑𝑑2𝜎𝜎𝑟𝑟]
𝑟𝑟1

𝑅𝑅1
= � 𝑑𝑑2 𝑑𝑑𝜎𝜎𝑟𝑟 + 2𝑑𝑑𝜎𝜎𝑟𝑟𝑑𝑑𝑑𝑑

𝑟𝑟1

𝑅𝑅1
 

(1 − 𝜈𝜈)� 𝑑𝑑2 𝑑𝑑𝜎𝜎𝑟𝑟
𝑟𝑟1

𝑅𝑅1
+ 2𝑑𝑑𝜎𝜎𝑟𝑟𝑑𝑑𝑑𝑑 − 𝜈𝜈� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟

𝑟𝑟1

𝑅𝑅1
= −

𝑑𝑑Ω
3
� 𝛻𝛻𝑓𝑓𝑑𝑑 𝑑𝑑𝑑𝑑
𝑟𝑟1

𝑅𝑅1
+ � 𝑑𝑑 𝑑𝑑𝑑𝑑

𝑟𝑟1

𝑅𝑅1
𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

(1 − 𝜈𝜈) �𝑑𝑑2𝜎𝜎𝑟𝑟(𝑑𝑑)|𝑅𝑅1
𝑟𝑟1 � − 𝜈𝜈� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟

𝑟𝑟1

𝑅𝑅1
= −

𝑑𝑑Ω
3 �

𝑑𝑑2

2
𝛻𝛻𝑓𝑓(𝑑𝑑)|𝑅𝑅1

𝑟𝑟1 � + �
𝑑𝑑2

2
|𝑅𝑅1
𝑟𝑟1 � 𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

𝜎𝜎𝑟𝑟(𝑅𝑅1) = 𝜎𝜎𝑟𝑟(𝑅𝑅2) = 0 

(1 − 𝜈𝜈) [𝑑𝑑2𝜎𝜎𝑟𝑟(𝑑𝑑1)] − 𝜈𝜈� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟
𝑟𝑟1

𝑅𝑅1
= −

𝑑𝑑Ω
3

(𝑑𝑑12 − 𝑅𝑅12)
2

𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) +
(𝑑𝑑12 − 𝑅𝑅12)

2
𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

2(1 − 𝜈𝜈) [𝑑𝑑2𝜎𝜎𝑟𝑟(𝑑𝑑1)] − 2𝜈𝜈� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟
𝑟𝑟1

𝑅𝑅1
= −

𝑑𝑑Ω
3

(𝑑𝑑12 − 𝑅𝑅12)𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) + (𝑑𝑑12 − 𝑅𝑅12)𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 
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𝜎𝜎𝑟𝑟,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) =
2

(𝑑𝑑12 − 𝑅𝑅12)
� 𝜎𝜎𝑟𝑟𝑑𝑑 𝑑𝑑𝜎𝜎𝑟𝑟
𝑟𝑟1

𝑅𝑅1
 

2(1 − 𝜈𝜈) [𝑑𝑑2𝜎𝜎𝑟𝑟(𝑑𝑑1)] − 𝜈𝜈(𝑑𝑑12 − 𝑅𝑅12)𝜎𝜎𝑟𝑟,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1)

= −
𝑑𝑑Ω
3

(𝑑𝑑12 − 𝑅𝑅12)𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) + (𝑑𝑑12 − 𝑅𝑅12)𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡2 

 
 
 
 
First pulse Li-ion concentration: 

𝛻𝛻𝛼𝛼1 =  �  [
∞

𝑖𝑖=1

𝑎𝑎1𝑖𝑖 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) + 𝑏𝑏1𝑖𝑖 𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑)] 𝑑𝑑−𝜆𝜆𝑛𝑛2𝐷𝐷𝛼𝛼𝑡𝑡 + 𝛻𝛻1ln (𝑑𝑑) + 𝛻𝛻2  

𝛻𝛻𝛼𝛼2 =  �  [
∞

𝑚𝑚=1

𝑎𝑎1𝑚𝑚 𝐽𝐽0(𝜆𝜆𝑚𝑚𝑑𝑑) + 𝑏𝑏1𝑚𝑚 𝑌𝑌0(𝜆𝜆𝑚𝑚𝑑𝑑)] 𝑑𝑑−𝜆𝜆𝑚𝑚2 𝐷𝐷𝛼𝛼𝑡𝑡 + 𝛻𝛻3ln (𝑑𝑑) + 𝛻𝛻4 

𝛻𝛻3 =
𝑆𝑆𝜌𝜌𝛼𝛼(𝑅𝑅22 − 𝑅𝑅12)

2𝐹𝐹𝐷𝐷𝛼𝛼
= −C1 

𝜕𝜕𝛻𝛻𝛼𝛼1𝐻𝐻
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅1 = 0 
𝜕𝜕𝛻𝛻𝛼𝛼1𝐻𝐻
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅3 = 0 
𝜕𝜕𝛻𝛻𝛼𝛼2𝐻𝐻
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅2 = 0 
𝜕𝜕𝛻𝛻𝛼𝛼2𝐻𝐻
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅3 = 0 

𝛻𝛻𝛼𝛼1(𝑡𝑡 = 0) = 𝛻𝛻𝛼𝛼2(𝑡𝑡 = 0) = 0 
𝛻𝛻𝛼𝛼1(𝑡𝑡,𝑅𝑅3) = 𝛻𝛻𝛼𝛼2(𝑡𝑡,𝑅𝑅3) 

 
 𝜆𝜆𝑖𝑖 derivation:  

𝜕𝜕𝛻𝛻𝛼𝛼1
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅1 =  [�−𝜆𝜆𝑖𝑖[𝑎𝑎1𝑖𝑖 𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) + 𝑏𝑏1𝑖𝑖 𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)]𝑑𝑑−𝜆𝜆𝑛𝑛2𝐷𝐷𝛼𝛼𝑡𝑡]
∞

𝑖𝑖=1

+
𝛻𝛻1
𝑅𝑅1

 

𝜕𝜕𝛻𝛻𝛼𝛼1𝐻𝐻
𝜕𝜕𝑑𝑑

= 0 

[�−𝜆𝜆𝑖𝑖[𝑎𝑎1𝑖𝑖 𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅3) + 𝑏𝑏1𝑖𝑖 𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅3)]𝑑𝑑−𝜆𝜆𝑛𝑛2𝐷𝐷𝛼𝛼𝑡𝑡]
∞

𝑖𝑖=1

= 0 

𝑎𝑎1𝑖𝑖 𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) + 𝑏𝑏1𝑖𝑖 𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1) = 0 

𝑎𝑎1𝑖𝑖 =
−𝑏𝑏1𝑖𝑖𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)
𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1)  

𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)
𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) 𝐽𝐽1

(𝜆𝜆𝑖𝑖𝑅𝑅3) +  𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅3) = 0 

 
𝜆𝜆𝑚𝑚 derivation:  
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𝜕𝜕𝛻𝛻𝛼𝛼2
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅3 =  [�−𝜆𝜆𝑚𝑚[𝑎𝑎2𝑚𝑚 𝐽𝐽1(𝜆𝜆𝑚𝑚𝑅𝑅3) + 𝑏𝑏2𝑚𝑚 𝑌𝑌1(𝜆𝜆𝑚𝑚𝑅𝑅3)]𝑑𝑑−𝜆𝜆𝑚𝑚2 𝐷𝐷𝛼𝛼𝑡𝑡]
∞

𝑚𝑚=1

+
𝛻𝛻3
𝑅𝑅3

 

𝜕𝜕𝛻𝛻𝛼𝛼2𝐻𝐻
𝜕𝜕𝑑𝑑

= 0 

[�−𝜆𝜆𝑚𝑚[𝑎𝑎2𝑚𝑚 𝐽𝐽1(𝜆𝜆𝑚𝑚𝑅𝑅2) + 𝑏𝑏2𝑚𝑚 𝑌𝑌1(𝜆𝜆𝑚𝑚𝑅𝑅2)]𝑑𝑑−𝜆𝜆𝑚𝑚2 𝐷𝐷𝛼𝛼𝑡𝑡]
∞

𝑖𝑖=1

= 0 

𝑎𝑎2𝑚𝑚 𝐽𝐽1(𝜆𝜆𝑚𝑚𝑅𝑅3) + 𝑏𝑏2𝑚𝑚 𝑌𝑌1(𝜆𝜆𝑚𝑚𝑅𝑅3) = 0 

𝑎𝑎2𝑚𝑚 =
−𝑏𝑏2𝑚𝑚𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅2)
𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅2)  

𝑌𝑌1(𝜆𝜆𝑚𝑚𝑅𝑅2)
𝐽𝐽1(𝜆𝜆𝑚𝑚𝑅𝑅2) 𝐽𝐽1

(𝜆𝜆𝑚𝑚𝑅𝑅3) +  𝑌𝑌1(𝜆𝜆𝑚𝑚𝑅𝑅3) = 0 

 
𝑏𝑏1𝑖𝑖 derivation:  

𝛻𝛻𝛼𝛼1 =  �  [
∞

𝑖𝑖=1

𝑎𝑎1𝑖𝑖 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) + 𝑏𝑏1𝑖𝑖 𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑)] 𝑑𝑑−𝜆𝜆𝑛𝑛2𝐷𝐷𝛼𝛼𝑡𝑡 + 𝛻𝛻1ln (𝑑𝑑) + 𝛻𝛻2 

𝛻𝛻𝛼𝛼1(𝑡𝑡 = 0) = 0 

�  [
∞

𝑖𝑖=1

𝑎𝑎1𝑖𝑖 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) + 𝑏𝑏1𝑖𝑖 𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑)] + 𝛻𝛻1ln (𝑑𝑑) = 0 

𝑎𝑎1𝑖𝑖 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) + 𝑏𝑏1𝑖𝑖 𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑) = −𝛻𝛻1 ln(𝑑𝑑) 
−𝑏𝑏1𝑖𝑖𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)
𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) + 𝑏𝑏1𝑖𝑖 𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑) = −𝛻𝛻1 ln(𝑑𝑑) 

𝑏𝑏1𝑖𝑖 �
−𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)
𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) +  𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑)� = −𝛻𝛻1 ln(𝑑𝑑) 

𝑏𝑏1𝑖𝑖 =
−∫ 𝛻𝛻1 ln(𝑑𝑑)𝑑𝑑 �−𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)

𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) +  𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑)� 𝑑𝑑𝑑𝑑𝑅𝑅3
𝑅𝑅1

∫ 𝑑𝑑 �−𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅1)
𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅1) 𝐽𝐽0(𝜆𝜆𝑖𝑖𝑑𝑑) +  𝑌𝑌0(𝜆𝜆𝑖𝑖𝑑𝑑)�

2
𝑑𝑑𝑑𝑑𝑅𝑅3

𝑅𝑅1

 

 
Relating 𝛻𝛻𝛼𝛼1 and 𝛻𝛻𝛼𝛼2: 

𝜕𝜕𝛻𝛻𝛼𝛼1
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅3 = 𝐷𝐷𝛼𝛼[�−𝜆𝜆𝑖𝑖[𝑎𝑎1𝑖𝑖 𝐽𝐽1(𝜆𝜆𝑖𝑖𝑅𝑅3) + 𝑏𝑏1𝑖𝑖 𝑌𝑌1(𝜆𝜆𝑖𝑖𝑅𝑅3)]𝑑𝑑−𝜆𝜆𝑛𝑛2𝐷𝐷𝛽𝛽𝑡𝑡]
∞

𝑖𝑖=1

+
𝛻𝛻1
𝑅𝑅3

 

𝛻𝛻1 = −𝛻𝛻3 
𝜕𝜕𝛻𝛻𝛼𝛼2
𝜕𝜕𝑑𝑑

|𝑟𝑟=𝑅𝑅3 = 𝐷𝐷𝛼𝛼[�−𝜆𝜆𝑚𝑚[𝑎𝑎2𝑚𝑚 𝐽𝐽1(𝜆𝜆𝑚𝑚𝑅𝑅3) + 𝑏𝑏2𝑚𝑚 𝑌𝑌1(𝜆𝜆𝑚𝑚𝑅𝑅3)]𝑑𝑑−𝜆𝜆𝑚𝑚2 𝐷𝐷𝛽𝛽𝑡𝑡]
∞

𝑚𝑚=1

+
𝛻𝛻3
𝑅𝑅3

 

𝜕𝜕𝛻𝛻𝛼𝛼1𝐻𝐻
𝜕𝜕𝑑𝑑

|𝑅𝑅3 =
𝜕𝜕𝛻𝛻𝛼𝛼2𝐻𝐻
𝜕𝜕𝑑𝑑

|𝑅𝑅3 = 0 

𝛻𝛻𝛼𝛼1(𝑡𝑡,  𝑅𝑅3) = 𝛻𝛻𝛼𝛼2(𝑡𝑡,  𝑅𝑅3) 
 
 
Stress for second pulse onward:  
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𝑑𝑑(1 − 𝜐𝜐)
𝑑𝑑2𝜎𝜎𝑟𝑟
𝑑𝑑𝑑𝑑2

+ (3 − 2𝜐𝜐)
𝑑𝑑𝜎𝜎𝑟𝑟
𝑑𝑑𝑑𝑑

=
−𝑑𝑑𝛺𝛺

3
∙
𝑑𝑑𝛻𝛻𝑓𝑓
𝑑𝑑𝑑𝑑

 

(1 − 𝜐𝜐)[𝑑𝑑12𝜎𝜎𝑟𝑟(𝑑𝑑1)] + 𝜐𝜐� 𝜎𝜎𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟1

𝑅𝑅1
=
−𝑑𝑑Ω𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1)(𝑑𝑑12 − 𝑅𝑅12)

6
+
𝛻𝛻1(𝑑𝑑12 − 𝑅𝑅12)

2
 

𝛻𝛻1 = 𝑐𝑐𝑦𝑦𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡 

(1 − 𝜐𝜐)[𝑑𝑑22𝜎𝜎𝑟𝑟(𝑑𝑑2)] + 𝜐𝜐� 𝜎𝜎𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑
𝑅𝑅2

𝑟𝑟2
=
−𝑑𝑑Ω𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑2)(𝑅𝑅22 − 𝑑𝑑22)

6
+
𝛻𝛻2(𝑅𝑅22 − 𝑑𝑑22)

2
 

(1 − 𝜐𝜐)[𝑑𝑑22𝜎𝜎𝑟𝑟(𝑑𝑑2) − 𝑑𝑑12𝜎𝜎𝑟𝑟(𝑑𝑑1)] + 𝜐𝜐� 𝜎𝜎𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟2

𝑟𝑟1
=
−𝑑𝑑Ω

6
[𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1)(𝑑𝑑22 − 𝑑𝑑12)] +

𝛻𝛻1(𝑑𝑑12 − 𝑅𝑅12)
2

 

𝛻𝛻𝑓𝑓,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) =
2

(𝑑𝑑12 − 𝑅𝑅12)
� 𝛻𝛻𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟1

𝑅𝑅1
 

𝜎𝜎𝑟𝑟,𝑓𝑓𝑎𝑎𝑎𝑎(𝑑𝑑1) =
2

(𝑑𝑑12 − 𝑅𝑅12)
� 𝜎𝜎𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟1

𝑅𝑅1
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