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Abstract 
 

Application of Cellulose Nanofibers 

for High-performance Silicon 

Anodes in Lithium-ion Batteries  

 

Jong Min Kim (Legal name: Jongmin Kim) 

Program in Nano Science and Technology 

Graduate School of Convergence Science & Technology  

Seoul National University 

 

Lithium-ion batteries are struggling to meet today’s demand for long 

operation time. Especially, graphite, a conventional anode material, is not 

enough to meet growing demands because of its low specific capacity (372 

mAh g-1). Therefore, silicon has attracted much attention due to almost 9 times 

higher specific capacity (3579 mAh g-1) compared to graphite. However, it 

suffers from poor cycling stability and rate capability owing to very high 

volume change (up to 300 %) during cycling and low intrinsic conductivity. 

Therefore, researches about compositing it with carbon materials and utilizing 

better binders have been conducted. In this thesis, various methods to improve 
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silicon anode by using cellulose nanofibers have been introduced. Cellulose 

nanofibers such as TEMPO-oxidized cellulose nanofibers and enzymatically 

hydrolyzed cellulose nanofibers can be obtained from naturally abundant 

cheap cellulose, which makes them highly sustainable materials. Especially, 

TEMPO-oxidized cellulose nanofibers have plenty of carboxylic groups to be 

utilized in many ways and are almost individual cellulose nanofibers with a 

thickness of ~ 3 nm. Enzymatically hydrolyzed cellulose nanofibers are cheap 

and eco-friendly because less toxic wastes occur during the production.  

By utilizing such cellulose nanofibers, first, extensively 

interconnected silicon nanoparticles via carbon network derived from ultrathin 

cellulose nanofibers (~ 1.5 nm) were synthesized and tested as the anode 

material. During charge/discharge, electrons must move to silicon 

nanoparticles. Since the electrode is made of particles and polymer, electrons 

experience the contact resistance. In order to decrease such a chance, the range 

of conductive network should be concerned. However, most studies have not 

focused on it. TEMPO-oxidized cellulose nanofiber as a carbon source can 

provide a very wide-range conductive network. Its carboxylic groups are 

advantageous to make silicon-cellulose nanocomposites via hydrogen bonding 

between cellulose nanofibers and the native oxide layer of silicon. Their 1-

dimensional and ultrathin nature enable the extensive conductive network 



5 

 

after pyrolysis because ultrathin cellulose nanofibers cannot maintain their 

structures and are merged to carbon layers during pyrolysis. The extensive 

conductive network enhances the rate performance and cycling stability by the 

efficient electron path and suppressing the volume change of silicon.  

Second, a little bit thicker enzymatically hydrolyzed cellulose 

nanofibers (~ 36 nm) are used to make a textile-like carbon wrapping. Carbon 

coating is a widely utilized method to enhance electrical conductivity. 

However, its isolated conductive network cannot provide the efficient electron 

path due to the contact resistance between particles. In addition, the 

conformally-coated carbon layer interferes with lithium-ion diffusion. The 

textile-like carbon wrapping can make a wide-range porous carbon structure 

which provides both the efficient electron and ion path and can buffer the 

volume change by the void spaces. Consequently, it exhibits an excellent rate 

and cycling performance. 

Finally, a small amount (~ 1 wt%) of TEMPO-oxidized cellulose 

nanofibers as multifunctional additives are added to a conventional 

carboxymethyl cellulose binder. Binder researches have considered 

mechanical properties, adhesion strength and self-healing properties. Even 

though the binder distribution is very important, only a few papers have been 

concerned about it. In order to develop a good binder, such factors should be 
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considered at the same time. TEMPO-oxidized cellulose nanofibers as the 

additives significantly improve the adhesion strength and mechanical 

properties of the binder as well as the binder distribution. Moreover, it can 

promote stable SEI layer formation. The carboxylic groups in the cellulose 

nanofibers help to compensate the loss of self-healing property a bit caused by 

the less usage of CMC. Consequently, it exhibits excellent cycling stability. 

This thesis shows how cellulose nanofibers can be used to improve 

the performance of silicon anode. This has great potential since it can be 

utilized in other anode or cathode materials, too 

Keywords: Cellulose nanofibers, Silicon, Additives, Nanocomposites, 

Lithium-ion batteries 
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Chapter 1. Introduction 

1.1 Introduction of lithium-ion batteries 

 Lithium-ion batteries have been utilized for decades as high-density 

energy storage devices ever since its invention by M. Stanley Whittingham 

and commercialization by Akira Yoshino. Even though the current lithium-ion 

batteries are in state-of-art in terms of commercialized electrode materials, the 

demand for energy storage devices with higher energy density is getting 

growing day by day [1, 2]. Therefore, electrode materials with higher energy 

density have been speculated and developed. Before mentioning those 

materials, it should be explained how lithium-ion batteries are consisted of and 

their working mechanism first. 

 Lithium-ion batteries composed of four main components (cathode, 

anode, electrolyte and separator) (Figure 1.1). Lithium-ion batteries as 

electrochemical-based energy storage devices store electricity in the form of 

chemical energy. As the name is self-explanatory, the chemical energy of 

lithium is the main source of electricity. During charging, lithium stored in a 

cathode is oxidized and lithium ion moves to an anode where lithium ion gets 

reduced via an electrolyte, while the electron released from cathode is 

transferring to the anode through an external circuit. Thermodynamically, the 
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charged anode (lithiated anode) is spontaneously oxidizing and the delithiated 

cathode is reducing if the external circuit is set, which is discharging and 

energy-releasing process. Therefore, the cathode and the anode materials 

should be able to somehow store lithium ions in form of solid.  

 

 

Figure 1.1. Four main components of lithium-ion battery 

(https://www.samsungsdi.com/column/technology/detail/55272.html?listTyp

e=gallery) 
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1.1.1. Cathode materials 

John B. Good enough who received Nobel prize in this year (2019) 

developed a layered structure cathode material, LiCoO2, which can store 

lithium ions by intercalation, in 1980 [3]. LiCoO2 as lightweight and high 

energy density cathode material was a key material for the success of lithium-

ion battery commercialization. Lithium ions intercalate into empty octahedral 

sites in LixCoO2 (0<x≤1) [3]. During lithiation, cobalt (IV) is partially reduced 

to cobalt (III) while lithium ion is moving to the crystal lattice from the 

electrolyte. Such process is called intercalation and very general mechanism 

for cathode materials. Therefore, the cathode materials which store lithium 

ions by intercalation must have a suitable crystal structure. In order to 

guarantee high energy density, the cathode should have many empty spaces in 

the crystal structure and should be light. Many cathode materials such as 

LiMn2O4 (spinel), LiFePO4 (olivine) have been developed to replace LiCoO2 

(Figure 1.1.1) [4]. But they are failed to take over LiCoO2’s position due to 

different disadvantages.  
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Figure 1.1.1. Crystal structure of the three lithium-insertion compounds in 

which the Li+ ions are mobile through the 2-D (layered), 3-D (spinel) and 1-D 

(olivine) frameworks [4].  

 

 

 

 

https://www.mdpi.com/inorganics/inorganics-02-00132/article_deploy/html/images/inorganics-02-00132-g002.png
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For example, LiMn2O4, which is cheap and has fast lithium-ion 

diffusion coefficient due to 3-D lithium-ion diffusion path, exhibits poor 

cycling stability due to Mn dissolution [4]. LiFePO4 which shows very stable 

cycling performance has low operation voltage (~ 3.4 V vs Li/Li+) and poor 

electrical conductivity [4]. Therefore, these days, trivalent LiNi(1-x)Co(1-

x)/2Mn(1-x)/2O2 (NCM) (x ≥ 0.6) are being widely used in commercial lithium-

ion batteries [5]. Depends on the composition (x=0.6 or 0.8), the 

electrochemical properties such as cycling stability and specific capacity 

change. For instance, the more nickel composition, the less cycling stability 

but the higher specific capacity [5]. The battery industry moves towards NCM 

with higher nickel composition owing to higher energy density. In academics, 

NCM with higher nickel composition is also preferred and there have been 

many reports that overcame the disadvantages, poor cycling stability by 

various methods. In this thesis, the cathode is not the main subject, so the 

detailed won’t be covered. The comparison between cathode materials is listed 

in Table 1.1.1. 
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Table 1.1.1. Comparison between cathode materials 

Composition 

Theoretical /Practical 

specific capacity (mAh g-

1) 

Operation 

potential 

Rate 

performance 

Cycling 

stability 

LiCoO2 275 / 137 3.7 V Moderate Moderate 

LiMn2O4 148 / 120 4.1 V Excellent Poor 

LiFePO4 170 / 165 3.4 V Poor Excellent 

LiNi0.33Co0.33 

Mn0.33O2 

(NCM) 

280 / 170 3.7 V Moderate Moderate 

 

 

1.1.2. Anode materials 

When the first lithium-ion batteries were invented, lithium metal was 

used as anode material [6]. Lithium metal is the ultimate anode material in 

terms of operation potential (0 V vs Li/Li+), thus it is still preferred material 

and actively being developed. However, the severe lithium dendrite formation 

during cycling causes a serious safety issue such as thermal runaway due to 

internal circuit shortage [7, 8]. Therefore, ever since the discovery of lithium 

intercalation in graphite by J. O. Besenhard in 1974, the graphite anode has 
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been utilized as a conventional anode material. Lithium intercalation in 

graphite layers prevents lithium dendrite formation so that the possibility of 

thermal runaway was significantly reduced. In addition, the working potential 

(~ 0.25 V vs Li/Li+) is not high and the specific capacity is 372 mAh g-1 which 

is high enough to match with the conventional cathode materials introduced 

before. The mechanism is shown in Figure 1.1.2 [9]. Lithium ions intercalate 

into graphite layers from the electrolyte. Six carbon atoms hold one lithium 

atom.  

 

 

Figure 1.1.2. A schematic of the (A) Rüdorff and (B) Daumas–Hérold models 

of ion intercalation into graphite [9]. 
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Just like cathode materials, the various other anode materials such as 

lithium titanate, silicon, tin, metal oxides, metal sulfides have been introduced 

as an alternative of graphite. Anode materials can be categorized by three 

reaction mechanisms: intercalation, conversion, alloying (Figure 1.1.3). 

Carbon materials like graphite, graphene and carbon nanotube and lithium 

titanate (LTO, Li4Ti5O12) are based on lithium intercalation [10, 11]. Such 

materials show good cycling stability, but the specific capacity is relatively 

low compared to conversion and alloying-based anode materials. Especially, 

LTO exhibits the excellent cycling stability due to its zero-stain property, but 

it has low specific capacity of 170 mAh g-1 and high operation voltage (~ 1.5 

V vs Li/Li+) [11]. On the other hand, the conversion materials such as metal 

oxides and metal sulfides have high specific capacity (~ 1000 mAh g-1), but 

they suffer from poor cycling stability and rate capability [12]. Most metal 

oxides and metal sulfides are insulator which increases the impedance, 

resulting in poor rate performance. In addition, the volume expansion during 

cycling causes the bad cycling stability. More importantly, high potential 

hysteresis between charge and discharge is a huge issue. Alloying materials 

such as silicon and tin exhibit very poor cycling stability owing to a significant 

volume change (~ 300 %) during cycling [12]. However, silicon has very high 

specific capacity (~ 3579 mAh g-1) and tin also has high specific capacity of 

995 mAh g-1 [12]. In addition, silicon has low intrinsic electrical conductivity 



42 

 

(~ 10-3 S cm-1) to deliver poor rate performance. Therefore, many researches 

have been conducted and reported to solve problems for each material. In this 

thesis, only silicon-based anode materials will be introduced in detail later. 

The comparison between anode materials is listed in Table 1.1.2. 

 

 

 

Figure 1.1.3. Reaction mechanism of lithium anode materials 
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Table 1.1.2. Comparison between anode materials. 

Material Mechanism 

Specific 

capacity 

(mAh g-1) 

Operation 

potential 

(vs Li/Li+) 

Rate 

performance 

Cycling 

stability 

Graphite Intercalation 372 0.25 V Good Good 

LTO Intercalation 175 1.5 V Excellent Excellent 

Si Alloy 3579 < 0.4 V Poor Poor 

Sn Alloy 995 0.0-1.3 V Good Poor 

Fe2O3 Conversion 1007 

1.4-1.8 V 

(delithiation 

< 2.0 V) 

Poor Poor 

Mn2O3 

Conversion 

 

1018 

1.2 V 

Delithiation 

0.5 V 

Lithiation 

Poor Poor 

MoS2 

Conversion 

 

670 

2.0 V 

(Intermediate 

lithiation 

voltage: 1.1-

2.0 V vs. 

Li/Li+) 

Poor Poor 
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1.1.3. Electrolyte and separator 

 Electrolyte and separator are also very important components in 

lithium-ion batteries. However, the subject of this thesis is focused on 

electrode materials, so electrolyte and separator will be introduced shortly. 

Electrolyte in lithium-ion batteries should be selected carefully since the 

operation potential of the battery is high (~ 3.7 V). The electrolyte should be 

electrochemically stable in the window of lithium-ion battery operation 

potential to avoid severe electrolyte decomposition [13]. In addition, it should 

work in the wide range of temperature. Lithium salt should be ionized easily 

in the solvent [13]. LiPF6 is being widely used due to its stability and solubility 

[13]. For solvents, carbonate-based organic electrolytes such as ethylene 

carbonate and diethyl carbonate have been utilized conventionally. Ethylene 

carbonate (EC) has high dielectric constant to solvate a lithium salt, LiPF6. 

However, the sole usage of EC brings low lithium-ion transport number due 

to high viscosity. Therefore, diethylene carbonate (DEC) is used together with 

EC. The mixture of EC and DEC is a very common formula for the solvent 

but the ratio is varied (Generally, 1:1). The properties of EC and DEC is shown 

in Figure 1.1.4.  
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Figure 1.1.4. Properties of EC and DEC. 

 

Separator is essential to avoid a short circuit. It should have the 

following properties: Good thermal stability, very low electrical conductivity, 

good electrolyte soaking, high ion transport number and light weight. If it is 

thermally unstable, the separator will shrink at high temperature and the short 

circuit will happen. If it cannot be soaked well by the electrolyte and has low 

ion transport number, the ion diffusivity will be very poor. The weight of 

separator is directly related to the energy density of the cell. The commonly 

used separators are polymer-based porous membranes such as polypropylene 

and polyethylene. 
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1.1.4. Overall mechanism 

 In summary, lithium-ion batteries composed of the following 

components: cathode, anode, electrolyte and separator. A simple schematic 

illustration of working mechanism is shown in Figure 1.1.5.  

 

 

Figure 1.1.5. Schematic representation of lithium insertion/de-insertion 

mechanism for a rechargeable lithium battery with LiCoO2 and graphite 

electrodes [10]. 
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The overall reaction mechanism for lithium cobalt oxide cathode and graphite 

anode as an example can be written as the following equation (1): 

Li(1-x)CoO2 + xLi+ + xe- = LiCoO2        (0≤x≤1) 

LixC6               = xLi+ + xe- + 6C  (0≤x≤1) 

Li(1-x)CoO2 + LixC6    = LiCoO2 + 6C    (0≤x≤1)   (1) 

The ideal electrode active materials for cathode and anode should have high 

specific capacity, excellent cycling stability and rate performance. Up to date, 

there is no active material that ensures them all. If some properties such as 

capacity is good, the other properties such as electrical conductivity are bad. 

Therefore, lithium-ion batteries are still being very actively developed in 

regardless academic or industry and it is very worth to study for achieving a 

battery with high energy, power density and very long life-span. 
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1.2 Introduction of silicon anode materials 

1.2.1. Lithium storing principle and failure mechanisms 

 As mentioned earlier, silicon has been drawn much attention as an 

alternative to graphite due to its very high specific capacity (3579 mAh g
-1), 

low operation voltage (> 0.5 V vs Li/Li+) and natural abundancy [14-17]. 

However, it suffers from poor cycling stability and rate capability due to severe 

volume expansion (~ 300 %) and low intrinsic electrical conductivity [18-20]. 

Since silicon is based on alloying reaction to store lithium ions, lithium atoms 

are mixed with silicon atoms to make lithium-silicon alloy. During this process, 

lithium ions penetrate a silicon particle which induces large volume expansion 

(~ 300 % based on Li15Si4). This severe volume change is a very root of silicon 

anode failure [18, 19]. The failure mechanism of silicon can be categorized 

into three modes: particle pulverization, electrode delamination and 

continuous unstable solid-electrolyte interphase (SEI) layer formation (Figure 

1.2.1) [21].  
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Figure 1.2.1. Main degradation mechanisms of Si anodes originating from the 

large volume expansion of Si during lithiation [21]. 

 

Suppose there is a spherical silicon particle. The alloying reaction must occur 

from the surface where lithium ion can access. Hence, the surface of the silicon 

particle expands and creates tensile stress and compressive stress at the same 

time (Figure 1.2.2). If such stress is higher than the stress yield of the particle, 

the particle will be broken. Even though the particle survived, the crack can 

be formed during the volume contraction by delithiation.  

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiM4t7Sg-jeAhWJzLwKHVH9BxsQjRx6BAgBEAU&url=https://pubs.rsc.org/en/content/articlehtml/2017/qm/c6qm00302h&psig=AOvVaw2zdUJDF-hQKMNh1GlYLiWs&ust=1542977068420866
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Figure 1.2.2. A schematic illustration of stress occurred during lithiation of 

silicon. 

 

In electrode-wise, the repeating expansion and contraction of the electrode 

cause the delamination. The delaminated part of electrode is isolated from a 

conductive network and cannot get electrons anymore. In order to explain 

about the third failure mode, unstable SEI layer formation, what the SEI layer 

is and why it is formed should be mentioned first. SEI layer is a layer formed 

on the surface of electrode materials by the electrolyte decomposition [21]. 

Due to the reducing environment of anode during lithiation, the electrolyte 

(both lithium salt and organic solvents) is decomposed and formed a lithium 
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conducting and insulating layer. The layer blocks the further decomposition of 

the electrolyte. However, if the SEI layer is broken and the fresh surface of 

electrode materials is revealed, more SEI layer will be formed on the surface. 

Since the volume of silicon keeps changing during cycling, the formed SEI 

layer is broken and the fresh surface is continuously revealed which causes 

another SEI layer formation. Because SEI layer formation consumes lithium 

ions and electrons, the amount of lithium ions in the cell decreases which 

causes poor cycling stability. In addition, thick SEI layer increases the cell 

impedance. Therefore, the following approaches have been introduced to 

resolve the problems. 

 

1.2.2. Nanostructured silicon anode materials 

 Making silicon as nanostructures such as a nanoparticle and a 

nanowire is a highly effective way to prevent the pulverization. Silicon 

nanoparticles, especially, hollow silicon nanoparticles experience much less 

stress during the cycling [22]. The stress generated by the volume expansion 

is significantly reduced. Hence, the induced stress is lower than the stress yield 

of silicon, which prevents the pulverization. It is known that silicon 

nanoparticles with < 150 nm diameter (critical size) are not pulverized. 



52 

 

Therefore, silicon nanowire array showed the excellent performance (Figure 

1.2.3) [23].  

 

 

Figure 1.2.3. Schematic of morphological changes that occur in Si during 

electrochemical cycling [23]. 

 

Furthermore, yolk-shell nanostructures have been developed to inhibit the 

continuous SEI layer formation. Liu et al. introduced a silicon-carbon yolk-

shell nanostructure (Figure 1.2.4) [24]. Silica coated silicon nanoparticles 
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were further coated with carbon. Then, the silica coating was removed by 

hydrofluoric acid to generate inner void spaces. The inner void space is enough 

to contain a fully lithiated silicon nanoparticle. Hence, the outer carbon shell 

remains same regardless the volume change of silicon. The formed SEI layer 

on the carbon shell doesn’t disturb with the volume changing silicon. So, the 

SEI layer was not continuously formed. Moreover, in this way, the electrode 

delamination problem was also solved since the electrode doesn’t expand 

owing to the void space. Similarly, double-wall silicon nanotubes showed the 

remarkable cycling stability by controlling SEI layer (Figure 1.2.5) [25]. 

Outer silica layer prevents the volume expansion of silicon outside, thus it 

expands into inside hollow spaces. 

 

 

Figure 1.2.4. Yolk-shell silicon-carbon nanostructure [24]. 
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Figure 1.2.5. Schematic of SEI formation on silicon surfaces [25]. 

 

1.2.3. Silicon-carbon nanocomposites 

To further improvement, carbon-silicon nanocomposites have been 

developed intensively. Since carbon is light weight, conductive and has a 

countless number of precursor, it is the best option for silicon composites. 

Carbon nanomaterials such as graphene [26-28], carbon nanofibers [29] and 

carbon nanotube [30-32] endow the effective conductive network to improve 

the electrical conductivity. In addition, they can mitigate the volume expansion 

of silicon owing to their superior mechanical properties. For example, silicon–

carbon nanocables sandwiched between reduced graphene oxide sheets 



55 

 

exhibited the excellent performance (Figure 1.2.6) [33]. 

 

 

Figure 1.2.6. Schematic of the fabrication (upper panel) and adapting (lower 

panel) of SiNW@G@RGO [33]. 

 

Silicon decorated vertically aligned carbon nanotubes also showed good 

performance due to high electrical conductivity of carbon nanotube and short 

diffusion path of sub 10nm-sized silicon nanoparticles (Figure 1.2.7) [32]. 
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Figure 1.2.7. SEM images of silicon decorated vertically aligned carbon 

nanotubes [32]. 

 

Recently, high areal capacity battery silicon electrodes enabled by segregated 

nanotube networks have been introduced (Figure 1.2.8) [34]. Using single-

walled carbon nanotubes (SWCNT) as both conductive additives and binders 

enable the excellent electrochemical performance even with micron-sized 
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silicon particles at high mass loading. Generally, at high mass loading, the 

electrode expands more and the stress during the cycling is larger. So the 

electrode delamination happens very easily. However, in this research, it was 

effectively suppressed by the superior mechanical properties and electrical 

conductivity of SWCNT and segregated network caused by the huge size 

difference between SWCNT and micron-sized silicon particles. 

 

 

 

Figure 1.2.8. High areal capacity micron-sized silicon electrode with 

segregated network [34]. 
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Figure 1.2.9. Electrochemical performance of high areal capacity micron-

sized silicon electrode. 
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1.2.4. Enhanced binder materials for silicon 

 The electrode delamination can be mitigated by improved binder 

materials. Binder is necessary to fabricate a powder-based electrode. In order 

to put powder-type active materials and conductive additive to a current 

collector, usually thin metal substrate, a polymer glue is used. Polyvinylidene 

fluoride (PVDF) is a commonly used binder for electrochemical applications 

due to its excellent electrochemical stability. However, for silicon, it is not 

suitable due to its low adhesion strength and no self-healing properties. The 

expanded electrode is easily delaminated from the current collector. Therefore, 

other binders have been considered. Water-based binders such as 

carboxymethyl cellulose (CMC), polyacrylic acid (PAA) and sodium alginate 

(Alg) outperform PVDF binder due to self-healing property of hydroxyl and 

carboxylic group (Figure 1.2.10) [35-37].  
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Figure 1.2.10. Electrochemical performance of alginate-based nano-Si 

electrodes [37]. 

 

–OH and –COOH can make a hydrogen bonding with a silanol group in the 

native oxide layer of silicon particles [37, 38]. Even though the bond breaks 

after the volume expansion, the bond is re-established via self-healing 

property of hydrogen bonding and ion-dipole interaction. Few years ago, self-

healable polymers with lots of amine groups were developed for silicon anode 

materials [39-42] (Figure 1.2.11). Silicon microparticles which are inevitably 

pulverized after cycling were held together by the self-healing polymer. As a 

result, the cycling stability was considerably improved. Besides the self-

healing property, the adhesion strength and mechanical properties are very 
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important factors for a binder.  

 

 

Figure 1.2.11. Design and structure of the self-healing electrode [39]. 
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Recently, many polymeric binders such as hyperbranched polymeric binders 

[43, 44], graft polymeric binders [45, 46], network polymeric binders [47-49], 

noncovalently/dynamically crosslinked network binders [50-52], and highly 

elastic molecular pulley binder [53] have been developed to enhance the 

adhesion strength, mechanical properties. For example, highly elastic 

molecular pulley binder is capable of holding a fully lithiated silicon 

microparticle without a breakage due to its extraordinary elongation (Figure 

1.2.12) [53]. 
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Figure 1.2.12. Proposed stress dissipation mechanism of PR-PAA binder for 

SiMP anodes. 
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1.2.5. Utilizing suitable electrolytes 

 Since SEI layer formation is caused by the electrolyte decomposition, 

the composition of SEI layer highly depends on the composition of the 

electrolyte. Therefore, changing the electrolyte or adding electrolyte additives 

can promote the stable SEI layer formation. For example, an ionic liquid 

electrolyte showed the excellent cycling performance improvement compared 

to the conventional carbonate electrolyte (Figure 1.2.13) [54]. PYR13FSI 

(1.2M LiFSI) electrolyte exhibited much better cycling stability than EC/DEC 

(1M LiPF6) electrolyte. PYR13FSI (1.2M LiFSI) electrolyte released F- rapidly 

to form LiF in combination with the formation of oxygen and sulfur-based 

compounds in the SEI layer. The formed stable SEI layer inhibits the further 

SEI layer formation, which minimizes the continuous SEI layer formation. 
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Figure 1.2.13. Cycling performance of nSi-cPAN with different electrolytes 

[54]. 

 

 Adding electrolyte additives such as vinylene carbonate (VC) and 

fluoroethylene carbonate (FEC) is very effective way to promote the stable 

SEI layer formation [55, 56]. During cycling, FEC is reduced to vinylene 

carbonate (VC) that readily polymerizes to polycarbonate which is a thin 

stable SEI film (Figure 1.2.14) [56]. Due to the high reactiveness of VC and 

FEC, they form the SEI layer before other organic solvents are decomposed. 

Just like the ionic liquid electrolyte, the thin stable SEI layer helps to suppress 

the continuous SEI layer formation, resulting in enhanced cycling stability. 
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Figure 1.2.14. Possible reaction pattern of FEC [56]. 

 

 In summary, silicon anode materials as alternatives to graphite have a 

great potential due to high specific capacity and low operation potential. 

However, it cannot be used as it is due to poor cycling stability and rate 

performance. Adopting nanostructures, compositing with carbon materials and 

utilizing enhanced binder materials enable the practical use of silicon by 

improving the electrochemical performance. In this thesis, silicon nanoparticle 

was used as a base material and cellulose nanofibers were utilized as both 

carbon precursors for silicon-carbon nanocomposites and binder materials to 

develop the enhanced silicon anode materials. 
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1.3. Introduction of nanocellulose 

1.3.1. Fundamental of cellulose 

 Cellulose is a natural polymer composed of a glucose molecular 

repeating unit. d-anhycdroglucose rings are linked via β 1→4 glycosidic 

oxygen linkage (Figure 1.3.1). Each repeating unit is twisted 180 degrees 

around the axis of cellulose backbone [57]. Oxygen in the hydroxyl group 

draws the electron of hydrogen to make it partially positive. The partially 

positive hydrogen electrostatically attracts the adjacent negative oxygen with 

a lone pair of electrons, which makes hydrogen bonding. This phenomenon is 

called intra-chain hydrogen bonding which is responsible for the linear 

configuration of cellulose [57, 58]. Similar to intra-chain hydrogen bonding, 

inter-chain hydrogen bonding to a neighboring chain also exists. Via inter-

chain hydrogen bonding and van der Waals interaction, cellulose is made as a 

bundle of chains (Figure 1.3.2). Therefore, in order to make cellulose 

nanofibers from cellulose (Top-down approach), disassembly of the bundle is 

necessary (Figure 1.3.3) [59]. 
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Figure 1.3.1. The repeating unit of cellulose. 

 

 

Figure 1.3.2. Intra/inter-chain hydrogen bonding of cellulose. 
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Figure 1.3.3. Hierarchical structure of wood biomass and the characteristics 

of cellulose microfibrils [59]. 

 

Depends on how to synthesize nanocellulose, it can be categorized into three: 

cellulose nanocrystal (CNC), cellulose nanofibers (CNF) and bacterial 

cellulose (BC) (Figure 1.3.4). Cellulose is composed of crystalline and 

amorphous region just like other polymers (Figure 1.3.5). Through chemical 

and mechanical treatments, the amorphous region can be removed to isolate 

CNC. CNC is a whisker-like structure which is less flexible and has low aspect 

ratio. CNC can be tuned by many chemical approach to make countless CNC 

derivatives with different physicochemical properties such as high 
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transparency and stiffness. Before talking about CNF which is the main 

subject of this thesis, BC should be explained. Unlike lignocellulose obtained 

from woods, BC is synthesized from particular bacteria (e.g. Acetobacter 

xylinum, Pseudomonas), which is a bottom-up approach [60]. BC is a pure 

cellulose from the beginning, which means that no chemical treatment to 

remove lignin and hemicellulose is required to obtain cellulose unlike 

lignocellulose. BC is more hydrophilic so it can hold a lot of water and it has 

~ 90% of crystallinity and higher degree of polymerization [61]. 
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Figure 1.3.4. Type of nanocellulose depending on synthesis routes. 
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Figure 1.3.5. Hypothetical schematic of dilute acid pretreatment process to 

isolate the crystalline (ordered) domains of cellulose from amorphous regions 

[57].  

 

1.3.2. Synthesis methods of cellulose nanofibers 

 Cellulose nanofibers were synthesized by vigorous mechanical 

disintegration [62]. Applying high shear force to the fiber suspension 

disassembles cellulose microbundles by grinding, microfluidization and 

homogenization. However, such method without chemical treatment is energy 

consuming and not efficient. Therefore, pretreatment methods before 

mechanical approach with chemical or enzyme were introduced. Acid 

hydrolysis has been widely utilized method to isolate cellulose nanofibers [63]. 
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In 1950, Rånby and Ribi firstly extracted cellulose nanofibers from wood and 

cotton by sulfuric acid hydrolysis [64]. Acid breaks β-1,4-glycosidic bonds by 

hydrolysis and replaces hydroxyl groups with charged groups depending on 

the acid used to give a repulsive force to disrupt inter-chain hydrogen bonding. 

The reaction condition of acid hydrolysis such as acid-pulp ratio, reaction time 

and type of acid used affects the dimension and surface charge of the product, 

cellulose nanofibers. For example, long reaction time could shorten the length 

by damaging cellulose and sulfuric acid adds the sulfate group, whereas 

hydrochloric acid barely changes the surface charge [65]. Acid hydrolysis 

produces usually 10 ~ 100 nm diameter cellulose nanofibers with several 

micrometer length depending on the material used. However, the final yield is 

about around 30 wt% and it is almost impossible to isolate individual cellulose 

nanofibers (3 ~ 4 nm thick) by traditional acid hydrolysis. 

 Therefore, 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl radical TEMPO-

mediated oxidation of cellulose has been introduced [59]. With TEMPO-

mediated oxidation, selective oxidation of C6 hydroxyl group to carboxylic 

group can be achieved. C6 hydroxyl group is involved in inter-chain hydrogen 

bonding of cellulose. Hence, the oxidation of C6 hydroxyl group enables de-

bundling of cellulose into individual cellulose nanofibers (3 ~ 4 nm). In 

addition, the surface charge (the amount of carboxylic groups) can be 
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modulated by changing the reaction time and concentration of oxidant. More 

importantly, the final yield is up to 95 % depending on the reaction condition. 

The mechanism of TEMPO-mediated oxidation of hydroxyl group to 

carboxylic group is depicted in Figure 1.3.6. 

 

Figure 1.3.6. TEMPO-mediated oxidation of primary hydroxyls to carboxyl 

groups via aldehydes [59]. 

 



75 

 

The oxidation of TEMPO radical generates nitrosonium ion which is 

electrophile. It readily attract negatively charged O- to take an electron, which 

oxidizes the primary hydroxyl to aldehyde. The aldehyde is hydrated and the 

same reaction occurs again to be oxidized to carboxylic acid. The mechanism 

for TEMPO-mediated oxidation of cellulose is shown in Figure 1.3.7.  

 

 

Figure 1.3.7. Regioselective oxidation of C6 primary hydroxyls of cellulose 

to C6 carboxylate groups by TEMPO/NaBr/NaClO oxidation in water at pH 

10–11 [59]. 
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Similarly, TEMPO is oxidized to nitrosonium ion by an oxidant, NaClO. Then, 

it oxidizes primary C6 hydroxyl group to aldehyde. The reduced nitrosonium 

ion is re-oxidized by NaBrO and the same reaction as before occurs to oxidize 

the aldehyde to carboxylic acid. This reaction is only targeting the primary 

hydroxyl group which only exists at C6 in the cellulose repeating unit. 

Therefore, this oxidation method is highly selective. However, the production 

cost of TEMPO-oxidized cellulose nanofiber is not cheap due to high price of 

TEMPO radical, despite it can significantly reduce the energy consumption 

and has high yield. Therefore, the attempt to decrease the production cost has 

been being done by reducing the usage of TEMPO radical [66]. They showed 

that 1 g of TEMPO radical can make 1 kg of TEMPO-oxidized cellulose 

nanofibers. For the industrial scaling, it will be different but it is worth noting 

that attempts to decrease the production cost is on-going. 

 Besides the chemical oxidation and acid hydrolysis, enzymatic 

hydrolysis of cellulose is a commonly used method to produce cellulose 

nanofibers. As the name is self-explanatory, enzymes known as cellulases 

hydrolyze cellulose polymer into smaller polymer branches. The process is 

shown in Figure 1.3.8 [67].  
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Figure 1.3.8. Nanocellulose production diagram via enzymatic hydrolysis 

[67]. 

 

Generally, three groups of enzymes are used: endoglucanases, exoglucanases 

and cellobiohydrolases (CBH) [68-70]. The division of the enzymes are clear 

but the role of proteins involved in the process is still poorly understood [67]. 

Among them, endoglucanases draw the highest interest due to its action is 

focused on the amorphous region of cellulose [67]. The mechanism of one of 

the endoglucanases of T-fungus reesei (endoglucanases II, EG II or Cel5A) is 

studied by atomistic molecular dynamic simulation [71]. The author concludes 

that the catalytic domain (CD) prefers to interact with amorphous region and 
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carbohydrate-binding in the enzyme interacts with crystalline region (Figure 

1.3.9).  

 

 

Figure 1.3.9. Cel5A during the simulation with the AB model with a cellulose 

fibril a in the beginning, and b in the end of the 100 ns long simulation. The 

snapshots highlight the binding of the CBM to a crystalline region of the fibril, 

and the preference of the CD to interact with loose chains in the amorphous 

region [71]. 
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Enzymatic hydrolysis has several advantages against chemical treatments such 

as acid hydrolysis and TEMPO-mediated oxidation. Since it uses biomaterials, 

it is eco-friendly and doesn’t produce harmful chemical wastes. The 

production cost is way cheaper than TEMPO-mediated oxidation. However, it 

requires more time (from several hours to even few days) than nonenzymatic 

methods. 

 

1.3.3. Advantages of cellulose nanofibers 

 Cellulose nanofibers have several advantages. First, it can be 

produced by top-down approach. Most polymer nanofibers have been 

fabricated via bottom-up approaches such as electrospinning and self-

assembly because most polymer doesn’t exist as a fiber structure. However, as 

mentioned before, cellulose nanofibers can be produced using top-down 

approach due to natural cellulose takes a form of fibers (woods and cotton). 

Therefore, even ultrathin (3 ~ 4 nm thick) nanofibers can be easily produced, 

which is hard for most other synthetic polymers obtained from petroleum. 

Second, the raw material, cellulose is very abundant and cheap, which makes 

them sustainable. Even though the production cost is not cheap in present, 

many efforts to reduce the production cost are actively going on. The estimated 
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production cost of cellulose nanofibers (in 2015) are shown in Table 1.3.1 [72]. 

TEMPO-oxidized cellulose nanofiber is expensive due to the high cost of 

TEMPO. However, I mentioned before, reducing required TEMPO amount 

can decrease the production cost and if there is a methodology to recover used 

TEMPO catalyst at the industrial scale, the production cost will be 

significantly decreased. 

 

Table 1.3.1. Production prices of different CNF grades and the cost to obtain 

a 75 % increase in breaking length over the reference pulp [72]. 
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Other than TEMPO-oxidized cellulose nanofibers, enzymatically hydrolyzed 

and acid hydrolyzed cellulose nanofibers are cheap. Considering the efforts to 

make other polymer nanofibers using electrospinning and self-assembly, the 

production cost might be competitive even for TEMPO-oxidized cellulose 

nanofibers. More importantly, all cellulose nanofibers mentioned above are 

already commercialized, which makes them easily available for many 

applications (Table 1.3.2). 
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Table 1.3.2. International Company involved with production of cellulose 

nanofibrils (adapted from Tappinano, “Summary of International Activities on 

Cellulosic Nanomaterials“) http://www.tappinano.org/media/1096/tc6-world-

cnm-activities-summary-july-29-2015.pdf) 
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Third, cellulose nanofibers, especially produced from sulfuric acid hydrolysis 

and TEMPO-mediated oxidation, have functional groups such as sulfate or 

carboxylate that can be very useful for compositing with other materials and 

chemical modification. For example, silicon nanoparticles with the native 

oxide layer can interact with the carboxylic group, which makes them attached 

to the surface of the particle. Furthermore, such functional groups can be 

platforms for polymer grafting and attaching other molecules to endow certain 

functions. Fourth, since cellulose nanofiber is a natural polymer, it is bio-

degradable and environmentally friendly unlike most polymers from 

petroleum. These days, the concerns about recycling and disposal of lithium-

ion batteries have been arose because the life-span of lithium-ion batteries in 

the firstly commercialized electrical vehicle is almost end. However, the 

binder polymer like PVDF is not bio-degradable, so it could be a problem. 
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1.3.4. Application of cellulose nanofibers in lithium-ion 

batteries 

 Cellulose nanofibers have been used in lithium-ion batteries as 

separators due to its electrolyte-philic and eco-friendly nature, good thermal 

stability and flexibility [73-75]. For example, Chun et al. showed that cellulose 

nanofiber paper separator (CNP) has much better wettability toward the 

organic electrolyte (1 M LiPF6, EC/DEC 1:1 v/v) than the conventional 

polyethylene (PE) or polypropylene (PP) separator (Figure 1.3.10) [73]. If a 

separator has low wettability towards the electrolyte, the electrolyte cannot 

move through the separator, resulting in poor electrochemical performance. 

Furthermore, it has excellent thermal stability compared to PP/PE/PP separator. 

At 150 ℃ for 30 minutes, PP/PE/PP separator shrunk about ~ 36 % of its 

volume, but CNP separator barely shrunk. Low thermal shrinkage is very 

important to prevent the short circuit at high temperature. 
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Figure 1.3.10. Comparison of liquid electrolyte wettability between the 

PP/PE/PP separator and CNP separator (IPA–water ¼ 95/5 vol/vol%) [73]. 
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Other than separators, cellulose nanofibers have been used as carbon 

precursors for conductive networks to support anode materials such as metal 

oxides and metal sulfides [76-78]. For example, pyrolyzed bacterial cellulose 

nanofiber (PBC) was used as conductive support for SnO2 and Ge (Figure 

1.3.11) [76].  

 

 

Figure 1.3.11. SEM, TEM images and the electrochemical performance of 

(left) PBC-SnO2 and (right) PBC-Ge [76]. 
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Due to the three-dimensional conductive network, both samples exhibited 

better performance than pristine SnO2 and Ge. The efficient electron path and 

lithium-ion diffusion path enable the performance enhancement. However, the 

carbon amount of the composite is about 45 wt%. Similarly, A nanofibrous 

polypyrrole/silicon composite derived from cellulose nanofibers showed good 

performance (Figure 1.3.12) [79]. 

 

 

Figure 1.3.12. (a) SEM and TEM (b) image of the nanofibrous PPy/Si 

composite derived from natural cellulose substance (33.8 wt% of silicon). (c ,d) 

Electrochemical performance of the nanofibrous PPy/Si composite [79].  
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Silica was coated on carbon nanofibers derived from cellulose nanofibers and 

then it was reduced to silicon via magnethiothermic reduction. After the 

reduction, polypyrrole (Ppy) was coated to protect silicon. Due to the efficient 

conductive network and Ppy coating, it exhibited good electrochemical 

performance. The amount of silicon in the composite is 33.8 wt%. 

 As shown above, most researches utilizing cellulose nanofibers as 

carbon sources put small-sized active material particles (< 10 nm) to cellulose-

derived carbon nanofiber support. Such a structure is advantageous in terms 

of electron and lithium-ion diffusion path due to the 3-D conductive network. 

However, a large amount of carbon in the composite is unavoidable. As shown 

above, the amount active material in the composite is usually less than 50 %. 

Since the specific capacity of carbon is lower than other active materials such 

as metal oxides and silicon, a large amount of carbon in the composite ends 

up with low specific capacity. Therefore, the carbon amount of the composite 

should be considered when designing carbon composites. In this thesis, the 

carbon amount of silicon-carbon composites is less than 8 wt% to deliver high 

specific capacity. 
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1.4. Dissertation overview 

As extensively explained before, silicon suffers from poor cycling 

stability and rate performance due to low electrical conductivity and high 

volume change during cycling. In my dissertation, high-performance silicon 

anode materials have been developed utilizing cellulose nanofibers as either 

carbon sources or additives to overcome such issues. 

In chapter 2. Part I, TEMPO-oxidized cellulose nanofibers were used 

as carbon sources to make a silicon-carbon nanocomposite. TEMPO-oxidized 

cellulose nanofibers with ultrathin thickness (~ 1.55 nm) and carboxylic 

groups were easily coated on the silicon nanoparticles. Its ultrathin and 1-

dimensional nature enable an extensive carbon network formation after 

pyrolysis. Since it is ultrathin, cellulose nanofibers were merged into wide-

range continuous carbon layers which are the efficient electron path for 

enhanced rate performance and can suppress the volume expansion of silicon 

for good cycling stability. 

In chapter 2. Part II, enzymatically hydrolyzed cellulose nanofibers 

were used as carbon sources to make a textile-like carbon wrapping which can 

be a better alternative to carbon coating. Cheap enzymatically hydrolyzed 

cellulose nanofibers with proper thickness (~ 36 nm) can maintain its 1-
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dimensional structure after pyrolysis. They were composited with silicon 

nanoparticles to make the textile-like carbon wrapped silicon nanoparticles. 

Unlike the conventional carbon coating, the textile-like carbon wrapping 

ensures the wide-range conductive network and efficient lithium-ion diffusion 

path via the void spaces between the fibers. In addition, the void spaces can 

be buffer spaces for the volume expanding silicon. As a result, it delivered the 

excellent cycling stability and rate performance. 

Since the methodology of Part I and Part II is pretty similar, I 

compared the results and discussed about it. The discussion was carefully done 

regarding the difference in structure and the amount of carbon. All results were 

compared with the conventional carbon coating as well. 

In chapter 3, TEMPO-oxidized cellulose nanofibers were used as 

multifunctional additives for CMC binder. By adding ~ 1 wt% of cellulose 

nanofibers, the mechanical properties, adhesion strength and the distribution 

of binder were enhanced and the stable SEI layer formation was promoted. 

Cellulose nanofibers act as reinforcing fibers to improve mechanical 

properties and adhesion strength and pre-mixed cellulose nanofibers with 

silicon nanoparticles enable the uniformly distributed binder to promote the 

stable SEI layer formation. Consequently, it improved the cycling stability. 
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Chapter 2. Cellulose nanofibers as carbon sources for 

silicon/carbon nanocomposites 

2.1. Part I. Extensively interconnected silicon 

nanoparticles via carbon network derived from ultrathin 

cellulose nanofibers as high-performance lithium-ion 

battery anodes 

2.1.1. Motivation 

As mentioned in the introduction, silicon as an alternative of 

conventional graphite is a highly anticipated anode material because of its very 

high theoretical capacity of ~3579 mAh g-1, low insertion voltage and natural 

abundancy [1-4]. Even with such great advantages, silicon suffers from poor 

cycle stability and bad rate performance owing to the alloying mechanism and 

low intrinsic electric conductivity [5-7]. Therefore, carbon materials such as 

graphene [8-10], carbon nanofibers [11] and carbon nanotubes [12, 13] have 

been widely implemented in LIBs application. The common purpose of this 

implementation is to improve the electric conductivity. Carbon materials serve 

as the conductive platform so that the electrons travel through carbon rather 

than silicon nanoparticles which have high resistivity. Therefore, 

implementing an extensively and well-connected carbon network might result 
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in good performance. If the electron travels through narrowly connected 

carbon network, it will experience contact resistance when it jumps to another 

carbon network. But if the carbon network is extensively connected, the 

chance of an electron experiencing contact resistance will decrease. However, 

to the best of our knowledge, most research adopting carbon materials haven’t 

considered about the range of connectivity so far.  

Herein, I synthesized extensively interconnected silicon nanoparticles 

via carbon network using ultrathin cellulose nanofibers as carbon sources. The 

range of connectivity is in tens of micro meters. Ultrathin cellulose nanofibers 

(1.55 nm ± 0.532) entangled with the silicon nanoparticles and then 

transformed into extensively well-connected graphitic carbon by pyrolysis. 

TEMPO-oxidized cellulose nanofibers were used as ultrathin 1-D 

nanomaterials because they have carboxylic groups and a high aspect ratio. It 

is well known that carboxylic groups can interact with the oxide layer of 

silicon nanoparticles through hydrogen bonding [14, 15]. In addition, cellulose 

is naturally abundant and cost-effective, which makes a perfect candidate for 

battery application. We believe that an extensively connected carbon network 

can not only suppress the volume expansion of silicon nanoparticles but also 

provide the electrons to silicon nanoparticles efficiently. As a consequence, 

cycle stability is greatly increased and exhibits 72.2% (808 mAh g-1) capacity 
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retention after 500 cycles at high current density of 2 A g-1 and rate 

performance of 464 mAh g-1 at a current density of 8 A g-1. 

 More significantly, an extensively connected carbon network holds 

silicon nanoparticles tightly together and prevents the formation of brittle 

electrodes when water-based binder is used. Water-based binders such as 

carboxymethylcellulose (CMC) and polyacrylic acid (PAA) improve cycle 

stability of silicon anode materials, but high stiffness of the binder resulted in 

brittle electrodes and thus inhibits practical use [16]. I show that the robust 

electrode is formed even at high thickness. I believe that this property as well 

as its excellent electrochemical performance can drag out the potential of 

silicon anode materials for LIBs applications. 

 

2.1.2 Experimental 

Synthesis of ultrathin cellulose nanofibers 

Cellulose pulp purchased from Domsjö Fabriker AB (Domsjö, 

Sweden). The pulp was previously washed with HCl solution (pH 2). Cellulose 

pulp (20 g in dry content) was suspended in sodium phosphate buffer (1800 

ml, pH 6.8) and warmed up until 60 °C. After 2,2,6,6-tetramethylpiperidine-

1-oxyl (TEMPO) radical (0.1 mmol) (Alfa Aesar, 98 %) was added to the 
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suspension, sodium chlorite (0.2 mol) (Sigma Aldrich, 80 %) was added. After 

they were dissolved, sodium hypochlorite (1 mol) (Sigma Aldrich, 10-15 % 

available chlorine) was added. The resulting suspension was stirred for 140 

min and subsequently washed with distilled water using vacuum filteration. A 

suspension of 1 wt% was prepared and homogenized at high pressure (1600 

bars) in a Microfluidizer (M-110EH, Microfluidics). The suspension was 

diluted to ≈ 3 mg ml-1 and sonicated with a probe sonicator (20 kHz, 80 % 

total power, 250 ml max volume) for 8 min. 

 

Synthesis of carbonized ultrathin cellulose nanofiber 

TEMPO-oxidized cellulose nanofiber solution (10 ml) (0.72 wt%) was rapidly 

frozen by liquid nitrogen and then freeze-dried for 2 days. The white sponge-

like product was pyrolyzed at 900 °C in Ar atmosphere for 5 h with a ramp 

rate of 5 °C min-1. 

 

Synthesis of silicon-carbonized ultrathin cellulose nanofiber composites  

Silicon nanoparticles (100 mg) (< 100 nm, American Elements) were 

added to ethanol (3 ml) for wetting. After sonication for 10 min, distilled water 

(10 ml) was added, followed by sonication for 30 min. as-prepared TEMPO-
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oxidized cellulose nanofiber solution (14 ml) (0.27 wt%) was added and 

sonicated for another 30 min. The solution was rapidly frozen by liquid 

nitrogen and then freeze-dried for 2 days to remove water completely. The 

resulting spongy-like yellow aerogel was pyrolyzed at 900 °C in Ar 

atmosphere for 5 h with a ramp rate of 10 °C min-1. The spongy-like black 

aerogel was obtained. 

 

Material Characterizations 

Atomic force microscopy (AFM) image was acquired with an atomic 

force microscope (Veeco Dimension 3100 SPM) using the tapping mode in air. 

The sample was deposited onto pretreated mica substrate with 3-aminopropyl 

triethoxysilane (Sigma Aldrich, 99 %) in order to positively charge the surface 

of the substrate. Scanning electron microscopy in transmission mode (STEM) 

image was obtained with a scanning microscope in transmission mode (JEOL 

JSM-7401F, 20 kV). Fourier transform-infrared spectroscopy (FT-IR) spectra 

were acquired with a FT-IR spectrometer (Varian 610-IR) equipped with an 

attenuated total reflection (ATR) element from 400 cm-1 to 4000 cm-1. The 

structural morphology of the sample was examined by field emission scanning 

electron microscopy (FE-SEM, Hitachi S-4800, 15 kV). For the detailed 

structure examination, high resolution-transmission electron microscopy (HR-
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TEM) (JEOL JEM-2100F, 200 keV) equipped with an energy-dispersive X-

ray spectrometer (EDS) was utilized. The crystallinity of the sample was 

measured by XRD using X-ray diffractometer (Bruker New D8 Advance, 40 

kV, 40 mA) with a Cu target. Raman analysis was done by Raman 

spectrometer (Horiba T64000) equipped with an Ar laser (514 nm). Thermal 

gravimetric analysis (TGA) measurement was conducted using a TGA/DSC 1 

analyzer (Mettler Toledo) with a ramp rate of 10 °C min-1 in air. N2 

adsorption/desorption isotherm and BJH pore size distribution diagram were 

obtained through a BELSORP-mini (MicrotracBEL Corp) at 77 K. 

 

Electrochemical Measurement 

The sample, conducting additive (Timcal Super P C60), and binder 

(sodium carboxymethylcellulose, Sigma Aldrich, average Mw ~ 90,000) were 

mixed by a weight ratio of 75:15:15 in distilled water using a Mini-Mill 

pulverisette 23 (FRITSCH) for 30 min. The homogenous slurry was casted on 

a copper foil using a Doctor blade and dried in vacuum at 60 °C for 30 min. 

The loading mass of active materials is ~ 0.7 mg cm-2 and the thickness of the 

electrode used for electrochemical measurements excluding the current 

collector is about 10 – 20 μm. Electrodes dried again in vacuum at 120 °C for 

2 h. Coin-type cells (CR2016) were assembled in an Ar-filled glove box using 
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lithium metal foils as counter/reference electrodes, Celgard 2450 as separators 

and 1.3 m LiPF6 in a 3:7 (v/v) ethylene carbonate (EC) and diethyl carbonate 

(DEC) with 10 % fluoroethylene carbonate (FEC) additive as electrolytes 

(PANAX). The half-cells were measured galvanostatically in the voltage range 

of 0.01 – 1.5 V (vs. Li/Li+). Every electrochemical test was performed on a 

WBCS3000S cycler (Wonatech). 

For the lithium cobalt oxide (LCO) half-cell test, lithium cobalt (III) 

oxide (Alfa Aesar, 99.5 %), conducting additive (Timcal Super P C60), and 

binder (polyvinylidene difluoride, MTI Corporation, average Mw ~ 600,000) 

were mixed with a weight ratio of 80:10:10 in N-Methyl-2-pyrrolidone (NMP) 

solvent using the same equipment mentioned above for 30 min. The 

homogenous slurry was casted on an aluminum foil using a Doctor blade 

resulting in a loading of active material of ~ 4.4 mg cm-2. The electrodes were 

dried in vacuum at 60 °C for 30 min. The electrodes were then dried again in 

vacuum at 120 °C for 2 h. LCO half-cells were assembled by the same 

procedure as above using the same electrolyte and the same separator. LCO 

half-cells were measured galvanostatically in the voltage range of 2.8 – 4.2 V 

(vs. Li/Li+). 

For the full-cell test, LCO electrode and Si-cCNF electrode were used 

as a cathode and an anode respectively. The electrode capacity ratio between 
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the anode and the cathode is 1.08. Full-cells were assembled using coin-type 

cell (CR2016), the same electrolyte and the same separator described above. 

The full-cells were measured galvanostatically in the voltage range of 2.5 – 

4.2 V. 

 

2.1.3. Results and Discussion 

Figure 2.1.1 shows a schematic illustration of extensively 

interconnected silicon nanoparticles using an ultrathin cellulose nanofibers 

derived carbon network. Ultrathin cellulose nanofibers entangling the silicon 

nanoparticles changed into interconnected carbon layers. Since cellulose 

nanofibers are ultrathin, they merge into well-connected carbon during 

pyrolysis rather than maintaining their 1-D structures. In order to show that 

ultrathin cellulose nanofibers merge into carbon, only cellulose nanofibers 

were carbonized. Figure 2.1.2 shows that carbonized ultrathin cellulose lost 

their original 1-dimensional structure and became carbon nanosheets with 

turbostratic structure. Ultrathin cellulose nanofiber solution was rapidly frozen 

using liquid nitrogen and freeze-dried to be pyrolyzed. Ice templates formed 

during the step may be attributed to the formation of nanosheets. It is known 

that ice templates form plant cell-like structures with walls and chambers. 
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During the pyrolysis, the structure shrinks and the wall becomes plates. But 

some aggregated cellulose nanofibers are thick enough to maintain their 1-D 

structures. This will be discussed below. 

 

 

 

Figure 2.1.1. Schematic illustration of extensively interconnected silicon 

nanoparticles. 
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These 1-D carbon structures can provide the alternative electron path 

as well as enhance the structural integrity of the material. More importantly, 

the range of interconnection is in tens of micro meters, which is expected to 

exhibit the excellent electrochemical performance. 

 

 

Figure 2.1.2. (a, b) SEM images and (c, d) TEM images of carbonized 

ultrathin cellulose nanofibers. 
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 The synthesis procedure is shown in Figure 2.1.3a. The facile method 

involves mixing, drying and heating of TEMPO-oxidized cellulose nanofibers 

and silicon nanoparticles. This method is scalable, cost-effective and non-toxic. 

During liquid N2 treatment, ice templates are formed between silicon-ultrathin 

cellulose nanofiber composites. By freeze-drying, ice templates are removed 

without destroying the composites, becoming a very light and porous aerogel. 

Aerogel structures have been utilized in LIBs applications due to its 3-D 

framework enhancing lithium ion conductivity and electric conductivity, as 

confirmed by the electrochemical analysis [17, 18]. 



115 

 

 

Figure 2.1.3. (a) Schematic illustrations of the experimental procedure. (b) 

AFM image and (e) STEM image of TEMPO-oxidized cellulose nanofibers. 

SEM images of (c, f) Si-CNF and (d, g) Si-cCNF, with low and high 

magnification, respectively. Insets of (c, d) are digital photo images of Si-CNF 

and Si-cCNF aerogel. The red circles indicate 1-D nanostructures. 
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 Atomic force microscopy (AFM) and scanning electron microscopy 

in transmission mode (STEM) revealed ultrathin cellulose nanofibers 

morphology. In Figure 2.1.3b and 3e, 1-D structures of ultrathin cellulose 

nanofibers are clearly visible. Since they are polydisperse, a statistical 

approach has been used to characterize the length and thickness. In Figure 

2.1.4, length was calculated to be 390 nm ± 251 based on 308 numbers of 

ultrathin cellulose nanofibers. Using 400 numbers of fibers, the thickness is 

calculated to be 1.55 nm ± 0.532 which is definitely ultrathin. 

 

Figure 2.1.4. (a) Length and (b) thickness distribution of TEMPO-oxidized 

cellulose nanofibers. 
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I hypothesize that ultrathin cellulose nanofibers play a similar role as a binder 

so that silicon nanoparticles are interconnected. It is necessary for a binder to 

have some kind of interaction with the host material like silicon nanoparticles 

in order to be effective [14, 15]. As discussed above, the carboxylic group is a 

well-known functional group that can give effective molecular interaction 

through hydrogen bonding. I use carboxylated TEMPO-oxidized cellulose 

nanofibers as ultrathin cellulose nanofibers. In order to confirm that the 

nanofibers were carboxylated, Fourier transform-infrared spectroscopy (FT-

IR) was utilized. In Figure 2.1.5, FT-IR spectra of three samples are shown. 

As a control group, untreated cellulose pulp was tested. There is no presence 

of the carboxylic group. In contrast, TEMPO-oxidized cellulose clearly shows 

peak at 1404 and 1600 cm-1
 corresponding to the stretching of the carboxylic 

group. In order to better examine the carboxylation of cellulose nanofibers, the 

pH of the suspension was set to 2, since the pKa of the carboxylic group on 

cellulose is about 4. This prevents the overlapping between stretching of the 

carboxylic group and H2O bending. After freeze-drying to remove water, 

stretching of the carboxylic group is observed at 1722 cm-1 which is a clear 

indication of the carboxylation. 

 

 



118 

 

 

Figure 2.1.5. FT-IR spectra of (a) unmodified cellulose pulp, (b) TEMPO-

oxidized cellulose pulp and (c) freeze-dried CNF suspension. 
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In Figure 2.1.3c and 2.1.3d, scanning electron microscopy (SEM) 

images and digital photo images of silicon-cellulose nanofibers (Si-CNF) 

aerogel and silicon-carbonized cellulose nanofibers (Si-cCNF) aerogel are 

shown. After thermal treatment, the sponge-like structures are maintained but 

the yellow color changes to black, which means cellulose nanofibers are 

carbonized. Figure 2.1.3c shows silicon nanoparticles extensively entangled 

with ultrathin cellulose nanofibers, forming micro-sized chunks. Figure 2.1.6 

shows the range of the interconnection is in tens of micro meters. Such micro-

range interconnection of silicon nanoparticles can provide efficient electron 

transport throughout the structure after pyrolysis. However, the range of 

interconnection can be decreased during a slurry process since Si-cCNF 

particles are broken down into pieces due to mechanical forces. Therefore, as-

prepared Si-cCNF was processed with the same condition of slurry process 

without a binder and a conductive additive. Figure 2.1.7a and b show that the 

particle size is still in tens of micro meters. Figure 2.1.7c displays the 

histogram of lateral sizes (15.48 μm ± 10.62, N=170). Ultrathin cellulose 

nanofiber is too thin to be seen with SEM but some fibrous wires, which I 

assume to be aggregated cellulose nanofibers, can be observed in Figure 2.1.3f 

and indicated by red circles. Figure 2.1.3g shows that the extensively 

interconnected nanostructures are preserved even after pyrolysis at 900 °C for 

5 hours. 
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Figure 2.1.6. SEM image of Si-CNF with low magnification. 
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Figure 2.1.7. SEM images of ground Si-cCNF and the histogram of its lateral 

size in the longest direction. 

 

Along with SEM, transmission electron microscopy (TEM) was used 

to examine the detailed structure of Si-cCNF. Figure 2.1.8a shows 1-D carbon 

structures made from aggregated cellulose nanofibers and also clearly displays 

that each silicon nanoparticle is interconnected via carbon layers like the 

schematic illustration proposed above. Figure 2.1.8b shows another part of the 

same sample. In Figure 2.1.8c-d, high resolution-TEM (HR-TEM) revealed 

how carbonized ultrathin cellulose nanofibers attach on a silicon nanoparticle. 
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Due to the carboxylic group in cellulose nanofibers, carbonized ultrathin 

cellulose nanofibers intimately attached on the surface of silicon nanoparticles 

[14]. Figure 2.1.8c shows that silicon nanoparticles were well coated by 

carbon and interconnected with the other silicon nanoparticles by carbon. 

Figure 2.1.8d clearly presents the graphitic structure of carbon. Figure 2.1.9 

shows the native oxide layer on silicon nanoparticles with a thickness is about 

3 nm. 
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Figure 2.1.8. HR-TEM images of Si-cCNF with (a, b) low and (c, d) high 

magnification. (e) EDS analysis images of Si-cCNF with the element mapping 

for silicon, oxygen and carbon. 
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Figure 2.1.9 HR-TEM image of the native oxide layer of a silicon nanoparticle. 

 

Since TEM images can only show the structure, energy-dispersive X-

ray spectroscopy (EDS) was used to check the element composition. Figure 

2.1.8e exhibits EDS mapping results. A silicon nanoparticle covered by carbon 

was examined. The results clearly illustrate the silicon nanoparticle, the oxide 

layer and the carbon. The detected oxygen area is larger than silicon area 

which means the oxide layer is on the surface of the silicon nanoparticle. The 

carbon area is bigger than the oxygen area, which means carbon covers the 

oxide layer on the silicon nanoparticle. These results indirectly show that 

carboxylated cellulose nanofibers are adhesive to the oxide layer of silicon 
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nanoparticles.  

 In order to examine the effect of pyrolysis, X-ray diffraction analysis 

(XRD) was performed. In Figure 2.1.10, XRD patterns of all samples clearly 

display sharp peaks at 28 °, 47 °, 56 °, 69 ° and 76 °. These peaks are assigned 

to (111), (220), (311), (400) and (331) reflections of crystalline silicon, 

respectively (JCPDS card no. 27-1402). This means no crystallinity disruption 

of silicon nanoparticles happened during pyrolysis. For Si-CNF sample 

(Figure 2.1.10b), XRD pattern presents broad peaks around 16 ° and 23 ° 

assigned to (110), (1-10) and (200) reflections of TEMPO-oxidized cellulose 

nanofibers [19]. For Si-cCNF sample (Figure 2.1.8c), the broad peak around 

20 ° and the small peak at 43 ° corresponding to the (002) and (100) lattice of 

graphite indicate the presence of graphitic carbon [20]. This confirms that the 

heat treatment at 900 °C transformed TEMPO-oxidized cellulose nanofibers 

to graphitic carbons. For further investigation of carbon, Raman spectroscopy 

was conducted. In Figure 2.1.10d, the three sharp peaks at 293, 510 and 940 

cm-1
 indicate the existence of silicon [21]. The inset image of Figure 2.1.10d 

clearly shows D and G bands of carbon. Their relative ratio, ID/IG, is about 

0.86 which indicates graphitization of ultrathin cellulose nanofibers after 

pyrolysis. This agrees with XRD data and HR-TEM images discussed above. 
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Figure 2.1.10. XRD patterns of (a) Bare-Si, (b) Si-CNF and (c) Si-cCNF. (d) 

Raman spectrum of Si-cCNF and inset of (d) is a magnified image of the 

rectangular region. 

 

The amount of carbon content is closely related to specific capacity 

and was analyzed by thermal gravimetric analysis (TGA) (Figure 2.1.11). Test 

temperature range was from 25 °C to 700 °C with a ramp rate of 10 °C min-1. 

Since silicon can be oxidized in air at high temperature, which increases the 
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weight, Bare-Si was tested to give a baseline. As expected, the weight of Bare-

Si increases gradually after 400 °C. After 240 °C, Si-CNF started to lose the 

weight, which is related to the combustion of cellulose nanofibers. A slight 

weight loss at low temperature connected to loss of adsorbed water. The 

amount of cellulose nanofibers is 22.46 wt%, which is similar with the 

intended amount (26.54 wt%) in the experiment within an error range. The 

result shows a carbon content of 7.58 wt% in Si-cCNF. The carbon amounts 

were calculated with the weight loss at 700 °C. 

 

Figure 2.1.11. TGA data of Bare-Si, Si-CNF and Si-cCNF. 
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 Porosity of Si-cCNF was examined by N2 adsorption/de-sorption 

isotherm and Barrett-Joyner-Halenda (BJH) analysis (Figure 2.1.12). In 

Figure 2.1.12a, N2 adsorption/desorption isotherm shows hysteresis indicating 

porocity. The total pore volume from Brunauer-Emmett-Teller (BET) analysis 

is 0.77 cm3 g-1 and mean pore diameter is 86.2 nm. BET surface area is 35.9 

m2 g-1. To investigate mesopores and macropores (> 2nm), BJH analysis that 

exhibits pore size distribution was performed (Figure 2.1.12b). There are 

mesopores (20 – 50 nm) and macropores (> 50 nm) which were created by 

void space between silicon nanoparticles observed in SEM images. 

 

Figure 2.1.12. (a) N2 adsorption/desorption isotherm and (b) BJH pore size 

distribution diagram of Si-cCNF. 
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 Electrochemical analysis was performed like the following. In order 

to compare lithiation/delithiation behaviors of Si-cCNF electrodes to bare 

silicon nanoparticles (Bare-Si) electrodes, galvanostatic charge/discharge tests 

were performed in the potential window of 0.01 – 1.5 V (vs. Li/Li+) using 

coin-type half-cells (Figure 2.1.13). According to the profiles, the initial cycle 

behavior of both samples with current density of 0.1 A g-1 corresponds to 

typical crystalline silicon lithiation/delithiation behavior. Crystalline silicon 

nanoparticles were lithiated to LixSi phase becoming amorphous at low 

voltage [22]. The lithiated form (LixSi) turned to amorphous silicon by 

delithiation. The second lithiation curves of both samples show that the 

crystalline silicon turned to amorphous silicon. Galvanostatic 

charge/discharge profiles of Si-cCNF are almost identical to the one of Bare-

Si, which means silicon in Si-cCNF is electrochemically active. But the initial 

discharge capacity of Si-cCNF (2022 mAh g-1) is lower than that of Bare-Si 

(2321 mAh g-1). This is because the capacity contribution of carbon in Si-

cCNF is much lower than that of silicon in Si-cCNF. Thus specific capacity 

should be decreased by the amounts of carbon contents. Generally, however, 

enhancing the electric conductivity of active materials increases the capacity 

by suppressing the electrode polarization. I think that this is not a charge 

transfer limiting case due to the low current density (0.1 A g-1). So the specific 

capacity of Si-cCNF compared to Bare-Si was decreased even if the electric 
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conductivity was enhanced. The initial coulombic efficiency of Bare-Si and 

Si-cCNF is 74.5 % and 78.1 %, respectively. We propose that the lower initial 

capacity loss of Si-cCNF is attributed to the structure of Si-cCNF. I think a 

batch of silicon nanoparticles bundled with carbonized cellulose nanofibers 

reduces the exposed surface area of silicon nanoparticles, which leads to the 

less formation of a SEI layer at the initial cycle. The initial capacity loss is a 

very important factor in full-cell application [23, 24]. This will be discussed 

later. Table 2.1.1 shows the coulombic efficiency of subsequent cycles. Bare-

Si exhibited 91.9 % at the second cycle and 94.2 % at the fifth cycle. On the 

other hand, Si-cCNF exhibited 96.2 % at the second cycle and 97.4 % at the 

fifth cycle. The lack of carbon protective layer of Bare-Si leads to continuous 

SEI layer formation during the subsequent cycles. For deeper evaluation, 

galvanostatic charge/discharge profiles of the second, fifth and tenth cycle at 

current density of 0.4 A g-1 for both samples are examined. Reversible 

capacities of the second, fifth and tenth cycle for Si-cCNF are 1449, 1557 and 

1594 mAh g-1, respectively. In the same manner, they are 1533, 1499 and 1370 

mAh g-1
 for Bare-Si. Interestingly, specific capacity of Si-cCNF increases, 

whereas that of Bare-Si decreases. This is attributed to the activation process 

of Si-cCNF [10, 25, 26]. For Bare-Si, Capacity fading is a typical phenomenon 

since the unstable formation of the solid-electrolyte interphase (SEI) layers 

consumes lithium ions and electrons which decreases the capacity of cells [27]. 
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Figure 2.1.13. Galvanostatic charge/discharge profiles of (a) Bare-Si and (b) 

Si-cCNF with 1st, 2nd, 5th and 10th cycle between 0.01 V – 1.5 V at 0.4 A g-

1 except the initial cycle at 0.1 A g-1. (c) Cyclic voltammetric curves of the first 

5 cycles for Si-cCNF between 0.01 V – 2.0 V at scan rate of 0.1 mV s-1. (d) 

Rate performance of Si-cCNF and Bare-Si at various current densities. (e) 

Cycling performance of Si-cCNF and Bare-Si at 2 A g-1 for 500 cycles, for the 

first cycle at current density of 0.1 A g-1. 
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Table 2.1.1. Coulombic efficiency of Bare-Si and Si-cCNF during cycling. 

Cycle number 
Coulombic efficiency (%) Current density  

(A g-1) Bare-Si Si-cCNF 

1 74.5 78.1 0.1 

2 91.9 96.2 0.4 

3 95.9 97.0 0.4 

4 95.9 97.3 0.4 

5 94.2 97.4 0.4 

 

In Figure 2.1.13c, cyclic voltammetric (CV) curves are shown. It was 

performed for the first five cycles using a half-cell between 0.01 V – 2.0 V (vs. 

Li/Li+) of voltage window with a scan rate of 0.1 mV s-1. The cathodic peaks 

around 0.20 V are clearly visible corresponding to the silicon-lithium alloying 

reaction. The two anodic peaks around 0.36 V and 0.52 V are related to the 

dealloying reaction. Interestingly, the intensity of CV peak currents gradually 

increases after each cycle. This is because of the activation process of Si-cCNF 

[10, 25, 26]. This electrochemical behavior is consistent with that observed in 

galvanostatic charge/discharge profiles. 

 Figure 2.1.13d exhibits rate performance of Si-cCNF and Bare-Si. 

Both samples were initially cycled at 0.1 A g-1 for stable SEI layer formation. 

Each sample was evaluated for 5 cycles at each step: 0.4, 1, 2, 4 and 8 A g-1. 
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The C-rate is displayed for each step to give a better understanding. To check 

capability of capacity recovery after high rate charge/discharge, the last 5 

cycles were performed at 0.4 A g-1 which is the same current density of the 

first 5 cycles. As a result, Si-cCNF presents reversible capacities of 1498, 1349, 

1099, 823, 464 and 1466 mAh g-1 at each first step. The capacity decrease at 

8 A g-1 is because lithium ions don’t have enough time to react with active 

materials [28]. Bare-Si shows reversible capacities of 1599, 1206, 852, 530, 

178 mAh g-1 and 1283 mAh g-1 at the same condition. Capacities of both 

samples are recovered after high rate charge/discharge. However, even if the 

initial capacity of Bare-Si (2210 mAh g-1) is higher than that of Si-cCNF (1958 

mAh g-1), the reversible capacity of Bare-Si at each consecutive step is lower 

than that of Si-cCNF. This excellent rate performance of Si-cCNF is due to the 

extensively interconnected silicon nanoparticles via carbon network that 

enhances the electric conductivity. In addition, the high electric contact area 

between carbon network and silicon nanoparticles allows each silicon 

nanoparticle to supply electrons efficiently. 

 Long term cell performance has been measured through cycling test 

(Figure 2.1.13e). Si-cCNF showed the excellent cycling stability, capacity 

retention of 72.2 % (808 mA g-1) at 2 A g-1 after 500 cycles with 99.8 % 

coulombic efficiency. The fluctuation until 150 cycles is due to the activation 
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process [28]. At the same condition as the control group, Bare-Si showed 

rapidly degenerating cycling stability and capacity retention of 19.75 % (253 

mA g-1). Each sample was initially cycled at 0.1 A g-1 for stable SEI layer 

formation. I assume that this remarkable advance of cycling stability can be 

explained by the structure of Si-cCNF. Extensive interconnection between 

silicon nanoparticles via carbon network should guarantee the robust electric 

contact. I believe, the robust electric contact with high contact area keeps each 

silicon nanoparticle from losing electric contact, which prevents rapid capacity 

fading during cycling. Moreover, carbonized ultrathin cellulose nanofibers 

covering silicon nanoparticles suppress volume expansion of silicon during 

lithiation. Volume expansion suppression through carbon coating prevents 

silicon nanoparticles from pulverization. Moreover, 1-D carbon 

nanostructures from aggregated cellulose nanofibers reinforce the structural 

integrity, resulting in the excellent cycling performance. In Figure 2.1.14, 

SEM images of Si-cCNF electrode after 100 cycles at 0.4 A g-1 are shown. 

Figure 2.1.14a shows silicon nanoparticles interconnected and covered by a 

carbon network before cycling. Figure 2.1.12b show that the morphology of 

spherical silicon nanoparticles is maintained and silicon nanoparticles were 

still interconnected after 100 cycles. This result concludes that the 

interconnected carbon network can act as volume expansion suppresser to 

prolong the lifetime of electrochemical cells.  
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Figure 2.1.14. SEM images of Si-cCNF electrodes (a) before and (b) after 100 

cycles. 

 

 

In addition, since multiple factors such as areal capacity (mAh cm-2) and 

volumetric capacity (mAh cm-3) can influence the practicality of electrodes, 

areal capacity and volumetric capacity were measured with the corresponding 

specific capacity (Figure 2.1.15). Figure 2.1.13a shows that areal capacities 

of Bare-Si and Si-cCNF are about 0.78 mAh cm-2 and 1.38 mAh cm-2 at 0.2 A 

g-1, respectively. Similarly, Figure 2.1.13b shows that the volumetric 

capacities are about 520 mAh cm-3 and 780 mAh cm-3. I suppose that the high 
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volumetric capacity of Si-cCNF is attributed to interconnected and packed 

silicon nanoparticles via a carbon network. Since carbonized cellulose 

nanofibers entangle silicon nanoparticles to form micro-sized chunks, I think 

that the silicon nanoparticles in Si-cCNF electrode are more densely packed 

than that in Bare-Si electrode.  

 

 

 

Figure 2.1.15. (a) Areal capacity and (b) volumetric capacity of Bare-Si and 

Si-cCNF and (c) Its corresponding specific capacity. The current density is 0.2 

A g-1. 
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 In order to investigate the potential of Si-cCNF for real applications, 

I conducted a full-cell test (Figure 2.1.16). The full-cell was made of a lithium 

cobalt oxide (LCO) cathode and a Si-cCNF anode. The electrolyte and 

separator are same as the ones used in the half-cell test. In order to see the 

electrochemical behavior of LCO, a half-cell test was conducted (Figure 

2.1.17). The LCO half-cell was tested between 2.8 V – 4.2 V (vs. Li/Li+). In 

Figure 2.1.15a, LCO showed 134 mAh g-1 at 0.5C (calculated from the 

theoretical specific capacity of LCO, 140 mAh g-1) for the first charge. After 

50 cycles, it exhibits a capacity retention of 87.3 % with the coulombic 

efficiency of 98.0 % (Figure 2.1.17b).  

 

 

Figure 2.1.16. (a) Galvanostatic charge/discharge profile of LCO Si-cCNF 

full-cell for the first 5 cycles between 2.5 V – 4.2 V at 0.5C which is 70 mA g-

1. (b) Cycling performance of LCO Si-cCNF full-cell for 50 cycles. 
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Figure 2.1.17. (a) Galvanostatic charge/discharge profile of LCO half-cell 

with 1st, 2nd, 5th and 10th cycle between 2.8 V – 4.2 V at 0.5C which is 70 

mA g-1. (b) Cycling performance of LCO half-cell for 50 cycles. 

 

For full-cell test, the specific capacity was measured based on the cathode 

active material in the coin-type cell (CR2016). The electrode capacity ratio 

between the anode and the cathode is 1.08. The voltage window used for the 

full-cell test is 2.5 V – 4.2 V. As expected, the specific capacity of the first 

charge specific capacity is 134 mAh g-1 at 0.5C, which is same as the result of 

LCO half-cell test. However, the first discharge specific capacity is 93 mAh g-

1 which gives a coulombic efficiency of 69.5 %. I think that this is mainly 

attributed to the initial capacity loss of the anode material, Si-cCNF, and it is 

caused by SEI layer formation. This problem could possibly be overcome by 

prelithiation techniques [23, 24]. After 50 cycles, the capacity retention is 
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35.8 %. However, the capacity retention calculated from the second cycle to 

the fiftieth cycle is 51.4 %, which might be indicative of the possible capacity 

retention if the prelithiation technique were to be used. The coulombic 

efficiency of the cell at 50th cycle is about 99.99 %. Because the coulombic 

efficiency and the capacity retention of LCO cathode determined by the half-

cell test are 98.0 % and 87.3 %, I think that the performance of the full-cell 

was affected not only by the anode but also by the cathode. In addition, various 

factors can affect the full-cell performance, such as capacity mismatching 

between the anode and cathode [29, 30], quality control issues that could arise 

from fabricating electrodes outside a dry room [31] and the irreversible SEI 

layer formation mentioned above. Because the full-cell has a limited source of 

lithium ions, unlike the half-cell which has a lithium metal as a counter 

electrode, the cycling performance of the full-cell depends on both the loss of 

lithium ion and electrode material failure [30]. Thus the cycling performance 

of the full-cell can be poor, even if the electrode material itself shows good 

cycling performances in the half-cell test. Enhancing the full-cell performance 

can be achieved by addressing the above factors through optimized capacity 

matching [29], prelithiation technique to provide additional lithium ions [23, 

24] and selecting specific electrolytes to enhance SEI layer formation in 

silicon [32]. With such methods, I think the full-cell performance of LCO/Si-

cCNF might be enhanced enough to lead to real application. 
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In Figure 2.1.18a, a hypothesis for the brittle and robust electrode 

formation is illustrated. I assume, the brittle electrode formation mechanism 

is similar to the mechanism of mud crack formation. During solvent 

evaporation, shrinkage occurs because particles in the solution start to 

aggregate [33-35]. Due to the shrinkage, material undergoes tensile stress [34, 

35]. CMC binder can extend only by 5 – 8% before breaking due to its high 

stiffness [14]. This low elongation property of CMC binder leads to the 

electrode breaking down [15]. I think the stress induced on extensively 

interconnected silicon nanoparticles is smaller than that of Bare-Si. Because 

each silicon nanoparticle is already aggregated, the electrode should shrink 

less. Since the tensile stress will be less, the electrode will be more robust. In 

Figure 2.1.16b, both Bare-Si and Si-cCNF electrode are visualized. Slurries 

for each electrode were cast on copper foils with height of 160 μm. With such 

thickness, Bare-Si electrode was severely cracked and unable to be processed 

for electrochemical measurement. On the contrary, Si-cCNF electrode was 

very robust and intact. This remarkable result suggests that the brittle electrode 

formation caused by water-based binders at thick electrodes can be overcome 

by the structural design of active materials. To the best of our knowledge, this 

approach is not yet reported. This hypothesis is worth to be studied later. 



141 

 

 

Figure 2.1.18. (a) Schematic illustration of a hypothesis for the brittle and 

robust electrode formation mechanism. (b) Digital photograph of a brittle 

Bare-Si electrode and (g) a robust Si-cCNF electrode. Slurries using CMC 

binder for both electrodes were cast on copper foil with height of 160 μm. 
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Finally, Figure 2.1.19 and Table 2.1.2 compares my work with previous 

researches [36-40] that used silicon composites in carbon matrix. 

 

 

 

 

Figure 2.1.19. (a) rate performance and (b) cycling performance comparison 

of the various silicon composites in carbon matrix. The numbers in (b) indicate 

the current density. 
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Table 2.1.2. Synthesis method and carbon content of the various silicon 

composites in carbon matrix. 

 

Material 
Synthesis 

method 

Carbon 

content 

in active 

material 

(wt%) 

Active : conductive 

additive: binder 

(weight ratio) 

Total 

carbon 

content 

(wt%) 

Refere

nce 

Silicon-carbonized 

ultrathin cellulose 

nanofiber composite 

Self-

assembly 
7.58 % 70:15:15 20.3 % 

Our 

work 

Silicon 

ultrananoparticle/graph

ite composite 

Ball 

milling 
25 % 80:5:15 25 % 

Ref 

[36] 

Marimo-like carbon 

nanotubes/silicon 

nanoparticles 

composite 

Self-

assembly 
42.34 % 85:5:10 40.9 % 

Ref 

[37] 

Encapsulated silicon 

nanoparticle with 

graphene 

Chemical 

vapor 

deposition 

19 % 100:0:0 19 % 
Ref 

[38] 

Silicon nanoparticle 

confined in carbon 

nanotube 

Chemical 

vapor 

deposition 

71.5 % 

(Atomic 

percent) 

70:15:15 52.8 % 
Ref 

[39] 

Silicon/N-doped 

carbon/carbon 

nanotube composite 

Electrospra

y 
29 % 65:20:15 38.8 % 

Ref 

[40] 
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2.1.4. Conclusion 

I synthesized extensively interconnected silicon nanoparticles via 

carbon network derived from ultrathin cellulose nanofibers. The synthetic 

method is very simple and used cellulose, which is low cost, abundant and 

thus well suitable for battery application. Carboxylated ultrathin cellulose 

nanofibers (thickness of 1.55 ± 0.532 nm) interact with the oxide layer of 

silicon nanoparticles to become tightly woven nanostructures. After pyrolysis, 

ultrathin cellulose nanofibers formed the extensively connected carbon 

network. This lithium ion battery anode material delivers excellent 

performance with a high reversible discharge capacity (1449 mAh g-1 at 0.4 A 

g-1). It also exhibits excellent rate performance (464 mAh g-1 at 8 A g-1) and 

extremely good cycling stability (72.2 % capacity retention after 500 cycles at 

2 A g-1) with 99.8 % coulombic efficiency, which is much better than Bare-Si 

(178 mAh g-1 at 8 A g-1 and 19.7 % capacity retention after 500 cycles at 2 A 

g-1). I think, these remarkable results are mainly contributed to the carbon 

network derived from ultrathin cellulose nanofibers that provides the efficient 

electron as well as high structural integrity to silicon nanoparticles. 

Extensively interconnected silicon nanoparticles through carbon network can 

decrease the chance of experiencing the contact resistance for electrons and 

also provide high electric contact area. The full-cell test shows the potential 
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for this material to be utilized in real application. Moreover, this structure 

ensures the formation of robust electrodes even with CMC, a very stiff water-

based binder. This suggests that the problem of water-based binders can be 

overcome by the structural design of active materials. In addition, I believe 

that this research can be applied as a general approach to various other metal 

oxide anode materials such as iron oxides, tin oxides and manganese oxides. 

As a consequence, Silicon-carbonized ultrathin cellulose nanofiber 

composites have a great potential for LIBs anode application  
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[16] J.S. Bridel, T. Azaïs, M. Morcrette, J.M. Tarascon, D. Larcher, Key 

parameters governing the reversibility of Si/Carbon/CMC electrodes for li-Ion 

batteries, Chem. Mater., 22 (2010) 1229-1241. 



148 

 

[17] S. Jing, H. Jiang, Y. Hu, J. Shen, C. Li, Face-to-face contact and open-

void coinvolved Si/C nanohybrids lithium-ion battery anodes with extremely 

long cycle Life, Adv. Funct. Mater., 25 (2015) 5395-5401. 

[18] W. Chen, S. Li, C. Chen, L. Yan, Self-assembly and embedding of 

nanoparticles by in situ reduced graphene for preparation of a 3D 

graphene/nanoparticle aerogel, Adv. Mater., 23 (2011) 5679-5683. 

[19] T. Saito, M. Hirota, N. Tamura, S. Kimura, H. Fukuzumi, L. Heux, A. 

Isogai, Individualization of nano-sized plant cellulose fibrils by direct surface 

carboxylation using TEMPO catalyst under neutral conditions, 

Biomacromolecules, 10 (2009) 1992-1996. 

[20] Z.Q. Li, C.J. Lu, Z.P. Xia, Y. Zhou, Z. Luo, X-ray diffraction patterns of 

graphite and turbostratic carbon, Carbon, 45 (2007) 1686-1695. 

[21] J.H. Parker, D.W. Feldman, M. Ashkin, Raman Scattering by Silicon and 

Germanium, Phys. Rev., 155 (1967) 712-&. 

[22] P. Limthongkul, Y.-I. Jang, N.J. Dudney, Y.-M. Chiang, 

Electrochemically-driven solid-state amorphization in lithium–metal anodes, 

J. Power Sources, 119-121 (2003) 604-609. 

[23] M.W. Forney, M.J. Ganter, J.W. Staub, R.D. Ridgley, B.J. Landi, 

Prelithiation of silicon-carbon nanotube anodes for lithium ion batteries by 

stabilized lithium metal powder (SLMP), Nano Lett., 13 (2013) 4158-4163. 

[24] J. Zhao, Z. Lu, H. Wang, W. Liu, H.W. Lee, K. Yan, D. Zhuo, D. Lin, N. 



149 

 

Liu, Y. Cui, Artificial solid electrolyte interphase-protected LixSi 

nanoparticles: an efficient and stable prelithiation reagent for lithium-ion 

batteries, J. Am. Chem. Soc., 137 (2015) 8372-8375. 

[25] C.K. Chan, H. Peng, G. Liu, K. McIlwrath, X.F. Zhang, R.A. Huggins, Y. 

Cui, High-performance lithium battery anodes using silicon nanowires, Nat. 

Nanotechnol., 3 (2008) 31-35. 

[26] M. Green, E. Fielder, B. Scrosati, M. Wachtler, J.S. Moreno, Structured 

silicon anodes for lithium battery applications, Electrochem. Solid-State. Lett., 

6 (2003) A75. 

[27] H. Wu, G. Chan, J.W. Choi, I. Ryu, Y. Yao, M.T. McDowell, S.W. Lee, A. 

Jackson, Y. Yang, L. Hu, Y. Cui, Stable cycling of double-walled silicon 

nanotube battery anodes through solid-electrolyte interphase control, Nat. 

Nanotechnol., 7 (2012) 310-315. 

[28] L. Fei, B.P. Williams, S.H. Yoo, J. Kim, G. Shoorideh, Y.L. Joo, Graphene 

folding in si rich carbon nanofibers for highly stable, high capacity li-ion 

battery anodes, ACS Appl. Mater. Interfaces, 8 (2016) 5243-5250. 

[29] J.-T. Han, J.B. Goodenough, 3-V full cell performance of anode 

framework TiNb2O7/Spinel LiNi0.5Mn1.5O4, Chem. Mater., 23 (2011) 

3404-3407. 

[30] M.-S. Balogun, W. Qiu, Y. Luo, H. Meng, W. Mai, A. Onasanya, T.K. 

Olaniyi, Y. Tong, A review of the development of full cell lithium-ion batteries: 



150 

 

The impact of nanostructured anode materials, Nano Res, 9 (2016) 2823-2851. 

[31] J. Li, C. Daniel, S.J. An, D. Wood, Evaluation residual moisture in 

lithium-ion battery electrodes and its effect on electrode performance, MRS 

Advances, 1 (2016) 1029-1035. 

[32] D. Molina Piper, T. Evans, K. Leung, T. Watkins, J. Olson, S.C. Kim, S.S. 

Han, V. Bhat, K.H. Oh, D.A. Buttry, S.H. Lee, Stable silicon-ionic liquid 

interface for next-generation lithium-ion batteries, Nat. Commun., 6 (2015) 

6230. 

[33] A.H. Lachenbruch, Depth and spacing of tension cracks, J. Geophys. Res., 

66 (1961) 4273-4292. 

[34] A. Groisman, E. Kaplan, An experimental study of cracking Induced by 

desiccation, Europhys Lett, 25 (1994) 415-420. 

[35] H. Peron, L. Laloui, L.-B. Hu, T. Hueckel, Formation of drying crack 

patterns in soils: a deterministic approach, Acta Geotech, 8 (2012) 215-221. 

[36] Y.-H. Huang, C.-T. Chang, Q. Bao, J.-G. Duh, Y.-L. Chueh, Heading 

towards novel superior silicon-based lithium-ion batteries: ultrasmall 

nanoclusters top-down dispersed over synthetic graphite flakes as binary 

hybrid anodes, J. Mater. Chem. A, 3 (2015) 16998-17007. 

[37] Y.H. Huang, Q. Bao, B.H. Chen, J.G. Duh, Nano-to-microdesign of 

Marimo-like carbon nanotubes supported frameworks via in-spaced 

polymerization for high performance silicon lithium ion battery anodes, Small, 



151 

 

11 (2015) 2314-2322. 

[38] N. Li, S. Jin, Q. Liao, H. Cui, C.X. Wang, Encapsulated within graphene 

shell silicon nanoparticles anchored on vertically aligned graphene trees as 

lithium ion battery anodes, Nano Energy, 5 (2014) 105-115. 

[39] W.-J. Yu, C. Liu, P.-X. Hou, L. Zhang, X.-Y. Shan, F. Li, H.-M. Cheng, 

Lithiation of silicon nanoparticles confined in carbon nanotubes, ACS Nano, 

9 (2015) 5063-5071. 

[40] Y.-C. Zhang, Y. You, S. Xin, Y.-X. Yin, J. Zhang, P. Wang, X.-s. Zheng, 

F.-F. Cao, Y.-G. Guo, Rice husk-derived hierarchical silicon/nitrogen-doped 

carbon/carbon nanotube spheres as low-cost and high-capacity anodes for 

lithium-ion batteries, Nano Energy, 25 (2016) 120-127. 

 

 

 

 

 

 

 



152 

 

2.2. Part II. A textile-like carbon wrapping via 

enzymatically hydrolyzed cellulose nanofibers for high-

performance silicon anodes in lithium-ion batteries 

2.2.1. Motivation 

Carbon coating is a widely utilized strategy to enhance the 

electrochemical performance of various electrochemical devices such as 

lithium-ion battery [1-3], supercapacitor [4, 5] and hybrid supercapacitor [6, 

7]. Many active materials (for example, metal oxides, silicon) have huge 

potential, however, their low intrinsic electrical conductivity inhibits practical 

use [1, 3]. The most common method to overcome this problem is to employ 

a carbon coating on the surface of active materials [2, 3, 8, 9]. Several coating 

methods such as hydrothermal [10], thermal treatment [3, 4] and chemical 

vapor deposition [11], using diverse carbon sources like glucose [12], 

Polydopamine [13] and resorcinol-formaldehyde resin [14] have been reported. 

However, these conventional coating methods produce a conformal 

coating on active materials, which can interfere with the ion movement. Since 

the active materials are not directly exposed to an electrolyte, ions must travel 

through the carbon shell. Especially, graphitic carbon coating, which is 

necessary due to its high electrical conductivity, hinders the ion movement 
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more than amorphous carbon [15, 16]. Therefore, research about porous 

carbon coating has been conducted [17, 18]. However, including these porous 

carbon coating, the conventional coating method cannot provide an efficient 

electron path. Isolated carbon networks resulting from individually carbon-

coated particles make an electron experience the contact resistance more often 

than a wide-range carbon network. To provide an efficient electron path, many 

researchers have given the extra effort to carbon-coated active material 

particles, for example, adopting graphene [19-21] or carbon nanotube [22-24]. 

Moreover, the conformal carbon coating is not appropriate for volume 

expanding lithium-ion battery anode materials such as silicon, tin, germanium, 

various metal oxides and metal sulfides. During lithiation, the active material 

undergoes large volume expansions and can destroy the coating [25, 26]. After 

many cycles, the active material loses its electrical contact and lithium ions 

are trapped in lithium alloys or on the surface of the active material, which 

results in poor cycling stability [8, 27]. As mentioned in the introduction, yolk-

shell structures have been used to solve this problem [26, 28-31]. However, its 

synthesis method is very complicated and hard to apply to every material. 

Generally, synthesizing the yolk-shell structure requires a sacrificial layer [26, 

28, 30]. The sacrificial layer is usually removed by acid or calcination, which 

limits its usability because most volume expanding active materials are either 
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metal or metal oxides. Especially, a sacrificial layer of silicon is usually SiOx 

that requires a very toxic hydrofluoric acid to be removed [26, 30]. Therefore, 

HF-free synthesis of yolk-shell structure has been developed recently [32]. 

However, the yolk-shell structure still suffers from an isolated carbon network 

and inefficient lithium-ion diffusion path similar to the conventional carbon 

coating. 

 Herein, I introduce a textile-like carbon wrapping method, which is 

suitable for volume expanding active materials, utilizing enzymatically 

hydrolyzed cellulose nanofiber as a carbon source. By simple mixing which is 

a universal method, enzymatically hydrolyzed cellulose nanofibers entangle 

silicon nanoparticles to form a wide-range textile-like structure. After 

pyrolysis, silicon nanoparticles are wrapped with a textile-like carbon that 

enhances electrical conductivity, while providing an ion path via void spaces 

generated by the textile-like nanostructure which is composed of 1-

dimensional carbon nanofibers. The void spaces can accommodate the volume 

expansion of silicon nanoparticles. The wide-range carbon network can 

provide an efficient electron path and can suppress the electrical contact loss 

during cycling, which makes it a suitable for volume expanding materials. 

Enzymatically hydrolyzed cellulose nanofibers have a proper thickness (36 ± 

24 nm) to form a textile-like wrapping. It is very important to optimize the 
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thickness of cellulose nanofibers to achieve such structure. As shown in 

Chapter 2.1 [33], ultrathin cellulose nanofibers (1.5 ± 0.532 nm) tend to merge 

into carbon to form an extensively interconnected carbon network. Even 

though this structure has a wide-range carbon network and can mitigate the 

volume expansion of silicon, it cannot provide enough buffer spaces, which 

makes it non-ideal design. The comparison between Chapter 2.1 (Part I) and 

Chapter 2.2 (Part II) will be discussed later. In addition, pyrolyzing ultrathin 

cellulose nanofibers form a conformal carbon coating on silicon nanoparticles, 

which can interfere with lithium-ion diffusion like the conventional carbon 

coating. On the other hand, if cellulose nanofibers are too thick, they cannot 

surround the nanoparticles properly. In addition, cellulose is very abundant 

and cheap which makes it a suitable carbon source for electrochemical 

applications. Consequently, the textile-like carbon wrapping shows much 

enhanced electrochemical performances than the conformal carbon coating at 

a similar carbon amount (about 4-5 wt%). The high electrochemical 

performance with high Si content (95.71 wt%) can be achieved. Therefore, I 

believe that this unique textile-like carbon wrapping can be a better alternative 

to the conventional carbon coating for many electrochemical applications, 

especially when volume expanding active materials are involved, due to its 

simplicity and universality. 
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2.2.2. Experimental 

Synthesis of enzymatically hydrolyzed cellulose nanofibers 

Enzymatically hydrolyzed cellulose nanofibers were produced according to 

the previous report of Henriksson et al.[34] Never dried softwood pulp 

extracted from Norwegian Spruce (Picea abies) was obtained from Domsjö 

Fabriker AB, Sweden. The pulp (a dry content of 40 g cellulose) was 

suspended in distilled water (2 L), filtered and washed for 3 times. Some water 

was added to the filtrated cellulose pulp until it reaches a total mass of 300 g 

and then it was mechanically beaten by a PFI-mill (HAM-JERN, Norway) at 

200 revolutions, in order to increase the fibers water accessibility. 

Subsequently, the pulp was suspended in a buffer of KH2PO4 (11 mM) and 

K2HPO4 (9 mM) to ensure a stable pH between 6.5 and 7. The enzyme 

Novozym 476 was added to the mixture in a quantity equal to the 0.25 % in 

weight of cellulose (100 µl). After, this mixture was put in a plastic bag and 

kept in a water bath at 50 °C for 2 h, during which the bag was shaken every 

15 minutes. After the pulp was filtrated and washed for 3 times, the filter cake 

was diluted with boiling distilled water (500 ml) and put inside a plastic bag, 

which was kept in a water bath at 90 °C for 30 min and then cooled in an ice 

bath. The excess water was then filtrated and the cellulose pulp was washed 

for 3 times, then it was again beaten in the PFI-mill following the same 
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protocol, except setting the revolutions at 400. A 2 wt% fiber-water 

suspensions were prepared and homogenized by a Laboratory Homogenizer 

15 M (Gaulin Corp, USA), with a total number of 20 passes. 

 

Synthesis of conformal carbon coated-silicon nanoparticles 

Silicon nanoparticles (200 mg, < 100 nm, American elements) were added to 

ethanol (6 ml) for wetting and the solution was sonicated for 10 min. Distilled 

water (200 ml) was added to the suspension and was sonicated for 10 min. 

Tris-buffer solution (10 mM, Sigma-Aldrich) was added to the solution. 

Dopamine hydrochloride (600 mg, Sigma-Aldrich) was added to the solution 

and stirred for 15 min. The above solution was washed with distilled water 

three times and freeze-dried for 24 h. Polydopamine-coated silicon 

nanoparticles were thermally treated at 900 ℃ in Ar atmosphere for 5 h with a 

ramp rate of 5 ℃ min-1. The greenish powder was gathered. 

 

Synthesis of carbonized textile-like nanostructure wrapped-silicon 

nanoparticles  

Silicon nanoparticles (200 mg, < 100 nm, American elements) were added to 

ethanol (6 ml) for wetting and the solution was sonicated for 10 min. Distilled 
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water (20 ml) was added to the solution and was sonicated for 10 min. 

Enzymatically hydrolyzed cellulose aqueous solution (14 ml, 2.15 mg ml-1) 

was added to the silicon nanoparticles solution. The resultant solution was 

sonicated for 20 min and freeze-dried for 2 days. Yellow cotton ball like 

product was pyrolyzed at 900 ℃ in Ar atmosphere for 5 h with a ramp rate of 

5 ℃ min-1. Green cotton ball like product was gathered. 

 

Material characterization 

Scanning electron microscopy (SEM) images were obtained using a Hitachi 

S-4800 (15 kV). The enzymatically hydrolyzed cellulose nanofibers were 

imaged by a scanning electron microscopy (JEOL JSM-7401F, 20 kV) in 

transmission mode (STEM). High-resolution transmission electron 

microscopy (HR-TEM) images and element mapping images were captured 

using a JEOL JEM-2100F (200 keV) equipped with an energy-dispersive X-

ray spectrometer (EDS). The crystal structure of samples was examined using 

an X-ray diffractometer (Bruker New D8 Advance, 40 kV, 40 mA) with a Cu 

target and a scan rate of 4˚ min-1. Raman spectra were measured using a 

DXR™ 2xi Raman imaging microscope (Thermo Fisher Scientific) with a 532 

nm diode laser. Thermal gravimetric analysis (TGA) data were obtained using 

a TGA/DSC 1 analyzer (Mettler Toledo) with a ramp rate of 10 ℃ min-1 in the 
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air. Elemental analysis was conducted using an elemental analyzer 

(TRSMCHNSC-6280TRSM, LECO). N2 adsorption/desorption isotherm and 

Barrett-Joyner-Halenda (BJH) analysis were conducted with a BElSORP-mini 

II (MicrotracBEL). 

 

Electrochemical evaluation 

A sample, conductive additive (Timcal Super P C65) and binder (sodium 

carboxymethylcellulose, Mw ~ 90,000, Sigma-Aldrich) were mixed with 

distilled water by a weight ratio of 70:15:15 using a Mini-Mill pulverisette 23 

(FRITSCH) for 30 min. The slurry was cast on Cu foil with a doctor blade, 

then was dried in a vacuum oven at 60 ℃ for 3 h. The loading mass of active 

material is ~ 0.7 mg cm-2. The thickness of electrode excluding Cu foil is about 

20 ~ 25 μm. Coin-type cells (CR-2016) were assembled in Ar-filled glove box 

(O2 < 1 ppm). Lithium metal disks are used as reference and counter electrodes. 

The electrolyte is 1.3 M LiPF6 in a 3:7 (v/v) ethylene carbonate (EC) / diethyl 

carbonate (DEC) with 10 % fluoroethylene carbonate (FEC) additive 

(PANAX). The separator is Celgard 2400. Cells were galvanostatically tested 

between 0.01 ~ 1.5 V (vs. Li/Li+) using a WBCS3000S cycler (Wonatech). 

Cyclic voltammetry was performed between 0.01 ~ 2.0 V (vs. Li/Li+) with a 

scan rate of 0.1 mV s-1. Electrochemical impedance spectroscopy (EIS) was 
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conducted at an open-circuit voltage using a ZIVE SP1 (ZIVE Lab). 

Electrochemical impedance spectroscopy (EIS) was conducted with 

symmetric cells at an open-circuit voltage using a ZIVE SP1 (ZIVE Lab). 

Electrode disks (diameter 1.1 cm) were cut in half and assembled as symmetric 

cells. For cycling, the symmetric cells were disassembled and assembled as 

half-cells with Li metal counter electrodes. Both half-cut electrodes were used 

as a working electrode. After 100 cycles at 2 A g-1, the half-cells were 

disassembled and reassembled as symmetric cells. In order to set ~ SOC 50 %, 

the half-cells were fully lithiated at a low current density (200 mA g-1) and 

delithiated by half at the same current density. The frequency range is between 

500 mHz and 10 kHz. The voltage amplitude is 10 mV. Nyquist plots were 

fitted using a ZMAN software (ZIVE Lab). 
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2.2.3. Results and Discussion 

Figure 2.2.1a describes a schematic illustration of synthesis 

procedure. During the mixing process, enzymatically hydrolyzed cellulose 

nanofibers are entangled with silicon nanoparticles. The subsequent freeze-

drying forms textile-like nanostructure wrapped-silicon nanoparticles (tex-Si) 

and pyrolysis turns it into carbonized textile-like nanostructure wrapped 

silicon nanoparticles (ctex-Si). This method is very simple and scalable. For 

comparison, conformal carbon-coated silicon nanoparticles (cc-Si) were also 

synthesized (Figure 2.2.2). Polydopamine-coated silicon nanoparticles were 

pyrolyzed in the same condition as ctex-Si. Figure 2.2.1b describes the 

properties of the conformal carbon coating and the textile-like carbon 

wrapping. The conformal carbon coating hinders lithium-ion diffusion and 

provides an isolated carbon network. On the other hand, the textile-like carbon 

wrapping provides a wide-range carbon network and an efficient lithium-ion 

diffusion path through the void spaces. 
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Figure 2.2.1. (a) A schematic illustration of ctex-Si synthesis process. (b) The 

properties of conformal carbon coating and textile-like carbon wrapping. 

 

 

Figure 2.2.2. A schematic illustration of cc-Si synthesis process. 
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 Scanning electron microscopy (SEM) images show the structure 

morphology of cc-Si and ctex-Si (Figure 2.2.3). SEM images of cc-Si (Figure 

2.2.3a-b) looks very similar as bare silicon nanoparticles (Bare-Si) shown in 

Figure 2.2.4. This means that cc-Si did not form a wide-range carbon network. 

On the other hand, SEM images of ctex-Si (Figure 2.2.3c-d) clearly show that 

1-dimensional carbon nanofibers are entangled with silicon nanoparticles to 

form a wide-range carbon network. The thick carbonized cellulose nanofibers 

are also observed. The thickness of enzymatically hydrolyzed cellulose 

nanofibers is 36 ± 24 nm (calculated from 300 fibers) and the length is several 

micro meters which is enough to form a wide-range carbon network (Figure 

2.2.4 and Figure 2.2.5). However, some agglomerated cellulose nanofibers 

have a larger thickness (Figure 2.2.4b). These thick carbon nanofibers can 

function as additional electron paths to increase the electrochemical 

performance. 
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Figure 2.2.3. SEM images of (a, b) cc-Si and (c, d) ctex-Si with low and high 

magnification. 
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Figure 2.2.4. STEM images of (a) dispersed and (b) agglomerated 

enzymatically hydrolyzed cellulose nanofibers. 

 

Figure 2.2.5. The thickness of enzymatically hydrolyzed cellulose nanofibers. 
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 The detailed morphology of cc-Si and ctex-Si was examined by high-

resolution transmission electron microscopy (HR-TEM) images (Figure 

2.2.6). Figure 2.2.6a displays cc-Si with low magnification. As expected, no 

wide-range carbon network is observed. Figure 2.2.6b-c show the individually 

coated silicon nanoparticles. Carbon is conformally coated on the surface of 

silicon nanoparticles. Since the silicon nanoparticles have a native oxide layer 

which is about 3 nm thick (confirmed in Part I [33]), the thickness of carbon 

layer is about 2 ~ 3 nm. To be sure, the elements of a cc-Si nanoparticle was 

examined by energy-dispersive X-ray spectroscopy (EDS) (Figure 2.2.7). 

Silicon, oxygen and carbon are clearly observed. It shows that carbon is well 

coated on the silicon nanoparticle surface. Oxygen indicates the native oxide 

layer of the silicon nanoparticle. Figure 2.2.6d-f display the textile-like 

wrapping of ctex-Si. Carbonized cellulose nanofibers are entangled with 

silicon nanoparticles and form a textile-like structure. These images are 

consistent with SEM images discussed above. The long carbonized cellulose 

nanofibers form the wide-range carbon network and textile-like nanostructure. 

EDS analysis images of ctex-Si (Figure 2.2.6g) clearly show that the textile-

like structure is carbon and the textile-like carbon covers silicon nanoparticles 

well. Figure 2.2.8 shows EDS analysis images and its corresponding TEM 

image of ctex-Si with lower magnification. It displays the textile-like carbon 

structure clearly. 



167 

 

 

Figure 2.2.6. TEM images of (a-c) cc-Si and (d-f) ctex-Si with different 

magnification. (g) EDS analysis image of ctex-Si with the element mapping 

of silicon and carbon. 
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Figure 2.2.7. EDS analysis images of cc-Si with the element mapping of 

silicon, oxygen and carbon. 

 

Figure 2.2.8. EDS analysis image of ctex-Si with the element mapping of 

silicon, oxygen and carbon with its corresponding TEM image. 
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 Figure 2.2.9a-d shows the crystal structure of each sample (Bare-Si, 

cc-Si, tex-Si, ctex-Si) measured by X-ray diffraction (XRD). Bare-Si displays 

clear peaks at 28°, 47°, 56°, 69° and 76° corresponding to the (111), (220), 

(311), (400) and (331) plane of a crystalline silicon, respectively (JCPDS card 

no. 27-1402). tex-Si exhibits additional peaks around 17° and 23° 

corresponding to the (110) and (200) plane of cellulose-I structure [35]. cc-Si 

shows the same pattern with Bare-Si. This might be because the carbon layer 

is too thin (2 ~ 3 nm) to be observed. On the other hand, ctex-Si displays peaks 

around 26° and 43° corresponding to the (002) and (100) plane of graphite. 

This is clearly shown in Figure 2.2.10. This means that some cellulose 

nanofibers were graphitized. 
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Figure 2.2.9. XRD patterns of (a) Bare-Si, (b) tex-Si, (c) cc-Si and (d) ctex-

Si. Raman spectra of (e) cc-Si and (f) ctex-Si. 
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Figure 2.2.10. Local XRD pattern of ctex-Si. 

 

In order to investigate the graphitic level of cc-Si and ctex-Si, Raman 

spectroscopy was conducted (Figure 2.2.9e-f). Both samples show clear D 

band around 1360 cm-1 and G band around 1590 cm-1. ID/IG ratio of cc-Si and 

ctex-Si is 0.90 and 0.89, which means that the carbon of both samples became 

a turbostratic carbon rather than a highly graphitic carbon due to the 

insufficient temperature (900 ℃). In addition, Raman peaks from silicon at 

293, 510 and 940 cm-1 were also observed (Figure 2.2.11) [36]. 
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Figure 2.2.11. Raman spectrum of ctex-Si. 

 

 Thermal gravimetric analysis (TGA) measured the amount of carbon 

in each sample (Figure 2.2.12). All samples were thermally treated up to 700 ℃ 

in the air with a heating rate of 10 ℃ min-1. Since silicon is oxidized and gains 

the weight in the air, Bare-Si was tested first to get a baseline. The carbon 

contents were calculated by the equation in Figure 2.2.12. tex-Si started to lose 

its weight around 250 ℃ and lost about 15.18 % (the intended amount, 15 %), 

which is cellulose nanofibers. Because the amount of carbon affects the 

electrochemical performance significantly, the carbon content of cc-Si and 
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ctex-Si should be similar for a fair comparison. cc-Si and ctex-Si have a 

similar amount of carbon, 5.59 and 4.29 %, respectively. As a cross reference, 

elemental analysis shows the carbon amount of cc-Si and ctex-Si as 3.00 % 

and 3.26 %. Interestingly, the carbon amount of ctex-Si is slightly larger than 

cc-Si unlike TGA data. This might be due to the error. 

 

 

Figure 2.2.12. TGA graph of Bare-Si, cc-S, tex-Si and ctex-Si. The equation 

for C content calculation. 



174 

 

 The porosity and pore structure of cc-Si and ctex-Si were examined 

by N2 adsorption/desorption and Barrett-Joyner-Halenda (BJH) analysis 

(Figure 2.2.13). The adsorbed N2 volume of ctex-Si is higher than that of cc-

Si. Brunauer-Emmett-Teller (BET) surface area of ctex-Si (87.4 m2 g-1) is 2.35 

times higher than that of cc-Si (37.1 m2 g-1). BJH pore size distribution 

indicates that ctex-Si has much more mesopores (< 50nm) and macropores (> 

50 nm) than cc-Si. This means that 1-dimensional carbon nanofibers of textile-

like wrapping successfully generate the pores by entangling silicon 

nanoparticles, which can provide efficient ion diffusion paths. The tap density 

of ctex-Si was also measured. ctex-Si powder was put to a mass cylinder and 

tapped several hundred times after pressing. The tap density of ctex-Si is about 

0.39 g ml-1. 

 

 

Figure 2.2.13. (a) N2 adsorption/desorption isotherms of cc-Si and ctex-Si. (b) 

BJH pore distribution diagrams of cc-Si and ctex-Si. 
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 Most importantly, electrochemical performances of Bare-Si, cc-Si 

and ctex-Si were evaluated galvanostatically (Figure 2.2.14). Reversible 

specific capacities of Bare-Si, cc-Si and ctex-Si at 0.1 A g-1 are 1696, 1756 

and 1950 mAh g-1 with the initial coulombic efficiency of 73.3, 79.6 and 

73.8 %, respectively. Both cc-Si and ctex-Si show higher reversible capacity 

than Bare-Si which might be owing to the enhanced electrical conductivity 

due to the carbon coating. In addition, the initial coulombic efficiency of cc-

Si is higher than that of Bare-Si. This is attributed to the carbon coating which 

reduces solid electrolyte interphase (SEI) layer formation [9, 37]. Interestingly, 

cc-Si has higher coulombic efficiency than ctex-Si. The high surface area of 

ctex-Si induced more SEI layer formation than cc-Si, which might result in 

lower coulombic efficiency. The initial coulombic efficiency is a very 

important factor to build a high-performance full-cell. Since the low initial 

coulombic efficiency consumes many lithium ions at the first cycle, a cathode 

should be overmatched to an anode, which decreases energy density. 

Therefore, various pre-lithiation techniques have been developed [38-40].  
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Figure 2.2.14. Galvanostatic charge/discharge profiles of (a) Bare-Si, (b) cc-

Si and (c) ctex-Si with the initial coulombic efficiency. The current density is 

0.4 A g-1 except for the initial cycle (0.1 A g-1). (d) Cyclic voltammogram of 

ctex-Si for 5 cycles with a scan rate of 0.1 mV s-1. 
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The coulombic efficiency of subsequent cycles was also examined (Table 

2.2.1). At the second cycle, Bare-Si, cc-Si and ctex-Si showed 89.5, 94.1 and 

95.5 % of coulombic efficiency, respectively. The initially generated SEI layer 

is broken due to the volume change of silicon and a new SEI layer is formed 

at the second cycle. Even though the conformal carbon coating of cc-Si leads 

to higher initial coulombic efficiency, it showed lower coulombic efficiency 

than ctex-Si because the carbon layer was broken and the fresh surface of 

silicon was revealed. On the other hand, ctex-Si which already has some 

exposed silicon surface didn’t lead to serious SEI layer formation at the second 

cycle. At the fifth cycle, ctex-Si showed 96.6 % of coulombic efficiency which 

is higher than that (95.5 %) of cc-Si. This means that the continuous SEI layer 

formation of ctex-Si during the initial few cycles is more suppressed than cc-

Si. This might be attributed to the textile-like carbon wrapping that can 

mitigate the volume expansion of silicon more efficiently than the thin (2 ~ 3 

nm) carbon coating. 
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Table 2.2.1. Coulombic efficiency of Bare-Si, cc-Si and ctex-Si during 

cycling. 

Cycle 

number 

Coulombic efficiency (%) Current 

density  

(A g-1) Bare-Si cc-Si ctex-Si 

1 73.2 79.6 73.8 0.1 

2 89.5 94.1 95.5 0.4 

3 93.1 95.5 96.6 0.4 

4 93.2 95.5 96.6 0.4 

5 93.2 95.5 96.6 0.4 

 

Curiously, the specific capacity of Bare-Si is lower than the theoretical value. 

This phenomenon is observed in various other reports [41-43]. This might be 

because of the native oxide layer on silicon nanoparticles. Sim. et al showed 

that only a few nanometer difference in the silicon oxide layer can affect the 

specific capacity significantly since silicon oxide is a great insulator [44]. 

Therefore, 3 nm-thick silicon oxide layer might affect the cell impedance 

greatly so that it exhibited lower specific capacity than the theoretical value. 

During the cycles at 0.4 A g-1, the specific capacity of Bare-Si was slowly 

decaying. On the other hand, the specific capacity of cc-Si was gradually 

increasing. This is owing to the activation process [45-47]. Conformal carbon 
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coating layer is broken due to volume expansion/contraction of silicon 

nanoparticles during lithiation/delithiation, which reveals the fresh surface of 

silicon. This process provides more active sites and better ion diffusion path 

in the electrolyte. Thus, this might be the reason for the activation. On the 

other hand, ctex-Si shows no activation during the first 5 cycles because the 

textile-like carbon wrapping already has an optimized ion and electron path. 

In a half-cell test, the activation process increases the capacity. However, in a 

full-cell test, it hardly increases the capacity due to the limited amount of 

lithium ions in a cell [48]. Therefore, the activation process is not preferred in 

the practical full-cell. 

 A cyclic voltammogram (CV) of ctex-Si is shown in Figure 2.2.14d. 

The first five cycles were performed with a scan rate of 0.1 mV s-1 between 

0.01 ~ 2.0 V (vs. Li/Li+). The clear cathodic peaks around 0.20 V 

corresponding to the lithium-silicon alloying reaction is visible. The anodic 

peaks around 0.36 V and 0.52 V correspond to the dealloying reaction. The 

broad peaks around 0.75 V and 1.22 V which are clearly shown in Figure 

2.2.15 may be related to the SEI layer formation [46]. The intensity of peaks 

gradually increased during scans due to the activation. Unlike the activation 

of cc-Si observed in the galvanostatic profile, I think that this activation 

process is based on the solid-state lithium-ion diffusion inside the silicon 
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nanoparticles. The corresponding specific capacities of ctex-Si for CV cycles 

are shown in Figure 2.2.16. The specific capacities are much lower than that 

observed in the galvanostatic profiles, which means that crystalline silicon 

nanoparticles cannot be highly lithiated with a scan rate of 0.1 mV s-1. To give 

a better understanding, I changed the current density into a scan rate. By my 

calculation, for ctex-Si, the current density of 400 mA g-1 between 0.034 ~ 

0.086 V (specific capacity between 1400 ~ 1800 mAh g-1) is similar to the 

average scan rate of 0.14 μV s-1, which is 714 times slower than CV scan rate 

(0.1 mV s-1). The high current density during CV greatly induces the electrode 

polarization. Therefore, during the initial scan, only the surface of crystalline 

silicon nanoparticle becomes amorphous [47]. Crystalline silicon has lower 

lithium-ion diffusion coefficient (10-14 cm2 s-1) than amorphous silicon (10-12 

cm2 s-1) [47, 49]. Thus, after each scan, the electrode polarization gets 

suppressed and the amorphous phase gets thicker so that more silicon atoms 

can react with lithium ions, resulting in the current increase. This is observed 

in various silicon materials [45, 47]. Therefore, I think that the activation of 

ctex-Si observed in CV relates to lithium-ion diffusion in the solid, not in the 

electrolyte. 
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Figure 2.2.15. A magnified CV curve of ctex-Si. 

 

Figure 2.2.16. Specific capacity of ctex-Si during CV with a scan rate of 0.1 

mV s-1. 
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 Rate performance of Bare-Si, cc-Si and ctex-Si was measured at 

various current densities (0.4, 1.0, 2.0, 4.0 and 8.0 A g-1) (Figure 2.2.17). 

Bare-Si exhibits reversible specific capacities of 1480, 1133, 761, 465 and 172 

mAh g-1 at 0.4, 1.0, 2.0, 4.0 and 8.0 A g-1, respectively. cc-Si shows reversible 

specific capacities of 1558, 1504, 1052, 760 and 414 mAh g-1 in the same 

manner. ctex-Si exhibits reversible specific capacities of 1874, 1589, 1327, 

1026 and 680 mAh g-1. cc-Si shows better performance than Bare-Si due to 

the carbon coating which enhances electrical conductivity. ctex-Si shows the 

best performance because of the wide-range porous textile-like carbon 

wrapping. I think that the wide-range carbon network and porous textile-like 

carbon wrapping can provide an optimized electron path and ion diffusion path. 

Curiously, at the final five cycles (0.4 A g-1), the reversible capacity of cc-Si 

became similar to that of ctex-Si. The reversible specific capacity of cc-Si 

increased from 1558 to 1798 mAh g-1, which might be due to the activation as 

discussed above. 
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Figure 2.2.17. (a) Rate performance of Bare-Si, cc-Si and ctex-Si at various 

current densities. (b) Cycling performance of Bare-Si, cc-Si and ctex-Si for 

100 cycles at 2 A g-1. Cycling performance of ctex-Si for 500 cycles at (c) 2 

A g-1 and (d) 4 A g-1. (e) A hypothetical cycling mechanism of cc-Si and ctex-

Si. 
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 Cycling performances of Bare-Si, cc-Si and ctex-Si are shown in 

Figure 2.2.17b. After 100 cycles at 2.0 A g-1, ctex-Si shows a reversible 

specific capacity of 1097 mAh g-1 with no capacity loss. Bare-Si and cc-Si 

exhibit a reversible capacity of 458 mAh g-1 and 549 mAh g-1, respectively. 

As mentioned in the introduction, the silicon suffers from volume 

expansion/contraction (~ 300 %) during cycling [50]. This severe volume 

change causes the pulverization of silicon particles, thick SEI layer formation 

and lost electrical contact between silicon particles, resulting in poor cycling 

stability [27, 50, 51]. Interestingly, Bare-Si still maintains the capacity (a 

capacity retention, 60.1 %) after the rapid decay during 20 cycles. This might 

be because of the effect of a binder, carboxymethylcellulose (CMC) and an 

electrolyte additive, fluoroethylene carbonate (FEC). It is known that CMC 

increases the cycling performance of silicon by its high stiffness and hydrogen 

bonding capability [52]. In addition, FEC electrolyte additive also can improve 

the cycling performance by establishing a robust SEI layer [53]. Figure 2.2.15e 

shows a hypothetical cycling mechanism of cc-Si and ctex-Si. The conformal 

carbon coating improved the cycling stability. The carbon layer may suppress 

the volume expansion and promote stable SEI layer formation. However, 

during lithiation, very thin carbon coating (2 ~ 3 nm) cannot suppress the 

volume expansion efficiently and breaks down into pieces [26]. After many 

cycles, silicon nanoparticles cannot maintain the electrical contact well due to 
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the isolated carbon network, resulting in poor cycling stability. On the contrary, 

the textile-like carbon wrapping shows the excellent cycling stability. During 

lithiation, long carbon nanofibers can hold silicon nanoparticles together, 

minimizing the carbon breakage by the void spaces. After many cycles, the 

wide-range conductive network via carbon nanofibers keeps the silicon 

nanoparticles from losing their electrical contact. In other words, at such a 

small carbon content (about 4 wt%), the conformal coating only forms a very 

thin layer. I think that the textile-like carbon wrapping can provide more stable 

carbon structure at low carbon content because it generates the void spaces 

that can accommodate the volume expansion of silicon nanoparticles. In order 

to show the effectiveness of the textile-like carbon wrapping during long-term 

cycling, ctex-Si was evaluated at 2.0 A g-1 and 4.0 A g-1 for 500 cycles (Figure 

2.2.15c-d). At 2.0 A g-1, ctex-Si exhibits the excellent cycling performance. 

After 500 cycles, it shows a reversible capacity of 1021 mAh g-1 with a 

coulombic efficiency of 98.3 % and an excellent 94.5 % capacity retention 

(from the maximum capacity, 84.2 % capacity retention). At 4.0 A g-1, it 

exhibits a reversible capacity of 785 mAh g-1 with a high coulombic efficiency 

of 99.7 % and a capacity retention of 81.4 % (from the maximum capacity, 

74.3 % capacity retention). ctex-Si cycled at 2.0 A g-1 shows better cycling 

stability but lower coulombic efficiency. High current density operation can 

cause capacity fading in a half-cell with Li metal as a counter electrode [54-
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56]. The coulombic efficiency may relate to the current density. As shown in 

Figure 2.2.17a, all samples have tendency to have higher coulombic efficiency 

at higher current density. This phenomenon is also observed in many other 

papers [12, 20, 30, 57]. This might be because of state-of-charge (SoC). At 

high current density, the electrode is more polarized and the cell potential 

drops to the cut-off voltage before silicon nanoparticles are fully lithiated. 

Therefore, only the surface of the silicon nanoparticle becomes LixSi. On the 

other hand, at lower current density, LixSi will be thicker because silicon 

nanoparticles are more lithiated. I think that it is hard for lithium present close 

to the core of the silicon nanoparticle to travel throughout the particle and may 

be trapped inside of the silicon nanoparticle, which results in low coulombic 

efficiency. I think that this phenomenon is worth to study as an independent 

literature. In order to examine the morphology of ctex-Si after 500 cycles, 

SEM images of 500 cycled ctex-Si electrode were obtained. It shows that the 

spherical morphology of silicon nanoparticles was still maintained (Figure 

2.2.18). The cycling stability test at a low current density (500 mA g-1) was 

also conducted (Figure 2.2.19). Even though silicon nanoparticles expand 

more at the low current density, ctex-Si showed a minimal capacity loss (2.3 % 

from the initial and 4.0 % from the maximum capacity) with a reversible 

capacity of 1501 mAh g-1 after 100 cycles at 500 mA g-1. In addition, the 

cycling stability test with higher active material mass loading (~ 1.3 mg cm-2) 
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was conducted (Figure 2.2.20). After 200 cycles at 2 A g-1, ctex-Si showed a 

reversible capacity of 674 mAh g-1 which is lower than the result with the mass 

loading of ~ 0.7 mg cm-2. In a thick electrode with high mass loading, the 

electrode expands more and can be delaminated, which significantly reduces 

the cycling stability. However, ctex-Si with a nearly twice-higher mass 

loading still shows better cycling stability than Bare-Si and cc-Si. 

 

 

 

 

 

Figure 2.2.18. SEM images of a ctex-Si electrode after 500 cycles at 2.0 A g-

1. 
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Figure 2.2.19. Cycling performance of ctex-Si for 100 cycles at 500 mA g-1. 

 

 

 

Figure 2.2.20. Cycling performance of ctex-Si with higher active material 

mass loading (~ 1.3 mg cm-2) for 200 cycles at 2 A g-1. 
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 Electrochemical impedance spectroscopy (EIS) was performed to 

investigate the electrochemical performance of cc-Si and ctex-Si in detail 

(Figure 2.2.21). Nyquist plots of a fresh and 100 cycled cc-Si/ctex-Si were 

fitted using the equivalent circuits in Figure 2.2.18c-d. Since fresh cells don’t 

have SEI layer yet, RSEI and CPESEI were omitted. For fresh symmetric cells, 

the charge transfer resistance, Rct, of cc-Si and ctex-Si are 6.37 ± 0.57 Ω and 

3.84 ± 0.14 Ω, respectively. The lower Rct of ctex-Si may be owing to the 

wide-range conductive network. On the contrary, the isolated carbon network 

of cc-Si makes electrons experience the contact resistance often, which might 

be the reason of high Rct. After 100 cycles at 2.0 A g-1, Rct of cc-Si and ctex-

Si at ~ SoC 50 % became 17.83 ± 0.36 Ω and 4.85 ± 0.31 Ω, respectively. The 

charge transfer resistance of ctex-Si changed slightly, which implies that the 

carbon network still maintains its structure even after 100 cycles. Table 2.2.2 

gives the detail EIS parameters. Furthermore, a comparison with other 

research works such as carbon-coated silicon, yolk-shell structured silicon and 

silicon-carbon composite including recent high-quality studies is given in 

Table 2.2.3. 
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Figure 2.2.21. Nyquist plots of cc-Si and ctex-Si of (a) fresh symmetric cell 

and (b) 100 cycled symmetric cell at 2.0 A g-1 with ~ SoC 50 %. 

Corresponding equivalent circuits for (c) the fresh cell and (d) the cycled cell. 

RS: solution resistance, CPESEI: SEI layer capacitance, RSEI: SEI layer 

resistance, CPEdl: double layer capacitance, Rct: charge transfer resistance, 

CPEd, ZW: capacitance and Warburg diffusion element of solid-state diffusion. 
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Table 2.2.2. EIS parameters for the fresh and 100 cycled cell of cc-Si and ctex-

Si. 

 

Sample RS (Ω) RSEI (Ω) Rct (Ω) 
Reduced 

Chi-square 

Fresh cc-Si 4.26 ± 0.06 - 6.37 ± 0.57 1.01 x 10-4 

Fresh ctex-

Si 
4.53 ± 0.05 - 3.84 ± 0.14 

1.17 x 10-4 

Cycled cc-Si 3.09 ± 0.04 19.34 ± 0.14 17.83 ± 0.36 4.79 x 10-5 

Cycled ctex-

Si 
3.89 ± 0.05 11.54 ± 0.14 4.85 ± 0.31 

1.23 x 10-4 
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Table 2.2.3. Comparison table with other carbon-coated silicon, yolk-shell 

structured silicon and silicon-carbon composite. 

 

Sample 
Synthesis 

Method 

Carbon 

source 

Si 
(wt%) 

In 

active 

Active: 
conductiv

e additive: 

binder 

Total 
carbon 

content 

(%) 

Retent

ion 

(%) 
(Cycle

) 

A g-1 Ref 

Textile-like 

carbon 

wrapped 

silicon 

Pyrolysis Cellulose 

nanofiber 

95.71 70:15:15 18.0 94.5 

(500) 

2 Our 

work 

Yolk-shell 
Si@void@C 

Sol-gel / 
HF 

etching 

Polydopami
ne 

71 65:20:15 38.8 74 
(1000) 

4.2 Ref 
[26] 

Yolk-shell 

silicon-

mesoporous 
carbon 

 

Sol-gel / 

HF 

etching 

Phenolic 

resin 

73.3 

 

42.2 

60:20:20 36.02 

 

54.6 

~ 29 

(400) 

63 
(400) 

 

0.42 Ref 

[30] 

Nonfilling 
carbon-coated 

porous silicon 

Pyrolysis / 
HF 

etching 

Resorcinol-
formaldehy

de resin 

89 80:10:10 18.8 100 
(1000) 

1.05 Ref 
[58] 

a phenolic 

resin-based 

carbon 
interfacial 

coated silicon 

Sol-gel / 

Pyrolysis 

Resorcinol-

formaldehy

de resin 

81.7 60:20:20 30.9 69  

(200) 

0.5 Ref 

[59] 

Nanosized 

core/shell 

silicon@carb
on 

Pyrolysis Polyvinylid

ene fluoride 

95.7 60:16:24 18.6 97 

(30) 

0.05 Ref 

[60] 

Cocoon-like 

silicon based 
composite 

(porous 

Si@void@N-
doped C) 

Magnesio

-thermic 
reduction 

/ CVD 

Pyridine 

vapor 

79.3 85:0:15 18.1 84.9 

(300) 
 

100 

(300) 

2 

 
 

16 

Ref 

[61] 

Silicon 

Nanoparticles 
Embedded in 

Micro-

Carbon 

Hydro-

thermal / 
Pyrolysis 

Sucrose 30.5 60:20:20 61.4 93.5 

(500) 

0.8 Ref 

[62] 
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double-

shelled–

yolkstructure
d silicon 

(carbon@voi

d@ 
silicon) 

CVD / 

HCl 

etching 

Acetylene 60 

(Carbo

n =24) 

60:20:20 34.4 84.6 

(1000) 

5 Ref 

[63] 

 

2.2.4. Conclusion 

I proposed a new textile-like carbon wrapping method for silicon 

nanoparticle anode material using enzymatically hydrolyzed cellulose 

nanofiber as a carbon source. The textile-like carbon wrapping can ensure not 

only the wide-range carbon network between silicon nanoparticles but also the 

efficient lithium-ion diffusion path. Enzymatically hydrolyzed cellulose 

nanofiber, which has the proper thickness and length, is a suitable carbon 

source to make the textile-like carbon wrapping. It entangles silicon 

nanoparticles to interconnect them and to provide the efficient electron path 

after pyrolysis. Furthermore, the void space generated by carbon nanofibers 

can provide the efficient lithium-ion diffusion path as well as the buffer space 

to accommodate the volume change of silicon nanoparticles. The wide-range 

carbon network can suppress the electrical contact loss between silicon 

nanoparticles during cycling. Therefore, unlike the conventional conformal 

carbon coating, this novel wrapping method is suitable for active materials that 
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expand their volume during cycling. Consequently, the textile-like carbon-

wrapped silicon shows much better electrochemical performance than the 

conventional conformal carbon-coated silicon at the similar carbon amount 

(about 4-5 wt%). It exhibits a reversible specific capacity of 680 mAh g-1 at 

8.0 A g-1
 and of 1021 mAh g-1 (capacity retention of 94.5 %) at 2.0 A g-1 after 

500 cycles. This new textile-like carbon wrapping can also be used for various 

other materials utilized in electrochemical applications such as sodium-ion 

battery, supercapacitor and hybrid capacitor that normally rely on the 

conventional carbon coating. In addition, this result along with Chapter 2.1 

[33] using ultrathin cellulose nanofibers might give the guidance to design 

cellulose-derived carbon materials since I show that the thickness of cellulose 

nanofibers significantly affects the morphology after pyrolysis. 
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2.3. Part III. Comparison, discussion and conclusion 

 The methodology of part I and part II is very similar but the results 

were quite different. Both researches utilized the simple mixing method in an 

aqueous solution to make silicon-cellulose nanofiber composites. Subsequent 

procedures are also same, which are freeze-drying and pyrolysis in Ar at 900 ℃ 

for 5 hours. Therefore, it is worth and necessary to discuss the differences and 

why that occurred. In order to show the difference better, Figure 2.3.1 displays 

the rate performance of Si-cCNF, cc-Si and ctex-Si.  

 

 

Figure 2.3.1. (a) Rate performance of ctex-Si, cc-Si and Si-cCNF at various 

current densities. (b) Charge capacity retention of ctex-Si, cc-Si and Si-cCNF. 
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Figure 2.3.1a shows that ctex-Si has the highest specific capacity at all current 

density. However, cc-Si and Si-cCNF exhibits up and down performances; at 

0.4 A g-1, cc-Si has a higher capacity but at 1.0, 2.0 and 4.0 A g-1, Si-cCNF has 

a higher capacity and at 0.8 A g-1, both show similar capacity. This result looks 

very confusing since Si-cCNF with the extensive carbon network was 

supposed to exhibit better rate performance than cc-Si with isolated network. 

Such confusion may come from the difference of carbon amount in samples. 

The carbon amounts in ctex-Si, cc-Si and Si-cCNF are 4.29 wt%, 5.59 wt% 

and 7.58 wt%, respectively (Table 2.3.1). Since the specific capacity of carbon 

is much lower than silicon, the larger carbon amount ends up with lower 

specific capacity at low current density where the electrical conductivity less 

affects the polarization. For a fairer comparison, the capacity retention, which 

removes the effect of specific capacity, is shown in Figure 2.3.1b. Interestingly, 

Si-cCNF shows the best retention except at 8.0 A g-1 among samples. This 

means that the extensive carbon network and higher amount of carbon enhance 

the electrical conductivity more than cc-Si and even ctex-Si by providing the 

wide-range continuous conductive network. However, at 4.0 A g-1, ctex-Si 

exhibits the similar performance and at 8.0 A g-1, ctex-Si outperform Si-cCNF.  
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Table 2.3.1. Carbon amounts, BET surface area and total pore volume in ctex-

Si, cc-Si and Si-cCNF. 

Sample cc-Si ctex-Si Si-cCNF 

Carbon amount 

(wt%) 

5.59 4.29 7.58 

BET surface area 

(m2 g-1) 

37.1 87.4 35.9 

 

 

As explained before, the rate performance is decided by both charge transfer 

and mass transfer. Si-cCNF has less surface area than even cc-Si and much 

less than ctex-Si. Because ultrathin cellulose nanofibers (TEMPO-oxidized 

cellulose nanofibers) entangle silicon nanoparticles collectively and turn into 

merged carbon, the product becomes a huge chunk with less surface area than 

silicon nanoparticles. Therefore, the exposed surface area, which can be 

translated to the electrochemical active surface area, is smaller. As a result, 

lithium-ion diffusion path is not efficient and the diffusion should be slower 

for Si-cCNF. On the other hand, ctex-Si with less wide-range conductive 

network and lower amount of carbon should have lower electrical conductivity 
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than Si-cCNF, but it has much more efficient lithium-ion diffusion path 

originated from higher surface area and the void spaces. Therefore, at high 

current density (8.0 A g-1), ctex-Si shows the better rate performance than Si-

cCNF. For cycling stability, ctex-Si shows the best performance and cc-Si 

exhibits the worst performance (Figure 2.3.2). As explained in Part II, cc-Si 

with isolated conductive network easily loose the electrical contact during 

cycling, which ends up with poor cycling stability. On the contrary, ctex-Si 

and Si-cCNF with the wide-range conductive network can maintain their 

contact during cycling. However, the compact structure of Si-cCNF cannot 

provide the enough buffer space for the volume expansion of silicon, which 

can induce the electrode delamination. On the other hand, ctex-Si can provide 

the buffer space through the void space between carbonized enzymatically 

hydrolyzed cellulose nanofibers and silicon nanoparticles, resulting in the 

excellent cycling stability. In summary, ultrathin cellulose nanofibers makes 

the extensive conductive network that ensures high electrical conductivity by 

reducing the chance of experiencing charge transfer resistance for electrons 

but the compact structure with lower surface area is not efficient for lithium-

ion diffusion. Even though the compact carbon structure can mitigate the 

volume expansion of silicon to improve the cycling stability, it cannot provide 

the buffer space to deliver the excellent cycling stability. In addition, higher 

amount of carbon in the composite reduces the total specific capacity. This 
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fact, however, rises a question, ‘what if we decrease the amount of carbon in 

Si-cCNF ?’. In personal opinion, the answer is that the performance might be 

enhanced to some point (~ 5 wt%) due to the increase of the specific capacity 

and small loss of electrical conductivity. Considering the carbon amount of cc-

Si (5 wt% with 3 nm thickness conformal coating), 5 wt% of carbonized 

cellulose nanofibers should bridge the particles while not covering their 

surface completely. So some part of a particle is coated but the other part is 

exposed. This can be advantageous in terms of better lithium-ion diffusion. 

However, the buffer space may be still not enough for the excellent cycling 

stability since the structure will be still compact. Therefore, TEMPO-oxidized 

cellulose nanofiber is not an ideal carbon source for electrochemical 

applications, especially, which require high surface area. On the other hand, 

enzymatically hydrolyzed cellulose nanofibers with the proper thickness make 

the textile-like carbon wrapping which ensures both the wide-range 

conductive network and the efficient lithium-ion diffusion path. Even though 

the range of conductive network is narrower than Si-cCNF, much higher 

surface area and the void spaces generated by 1-dimensional structures 

provide the efficient lithium-ion diffusion path and the buffer space to deliver 

both the excellent rate and cycling performance. 
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Figure 2.3.2. Cycling stability of ctex-Si, cc-Si and Si-cCNF. 
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Chapter 3. Cellulose nanofibers as binder additives 

3.1. TEMPO-oxidized cellulose nanofibers as 

multifunctional additives for highly stable silicon anode in 

lithium-ion batteries 

3.1.1 Motivation 

In the introduction, I explained that a binder can effectively improve 

the electrochemical performance of silicon. Binders such as sodium 

carboxymethyl cellulose (CMC), poly(acrylic acid) (PAA) and sodium 

alginate (Alg) outperform the conventional poly(vinylidene fluoride) (PVDF) 

for silicon anodes due to high adhesion strength and self-healing effect [1-4]. 

This prevents contact loss during volume change and results in improved 

cycling stability [4]. Recently, many polymeric binders such as hyperbranched 

polymeric binders [5, 6], graft polymeric binders [7, 8], network polymeric 

binders [9-11], noncovalently/dynamically crosslinked network binders [12-

14], self-healing binders [15-18] and highly elastic molecular pulley binder 

[19] have been developed to enhance the adhesion strength, mechanical 

properties and/or self-healing properties.  

As shown above, most binder research is focused on enhancing the 
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adhesion strength, mechanical properties and self-healing properties, and 

neglect the importance of binder distribution [16, 20, 21]. The binder 

uniformity in the electrode is very important since non-uniformly distributed 

binder can result in weakly bound silicon particles that can be detached from 

the electrode due to the volume expansion during cycling. Moreover, the well-

distributed binder can protect the surface of silicon particles to suppress the 

unstable SEI layer formation [22, 23]. Especially, many recently developed 

binders are the water-based binders due to its high performance, 

environmental friendliness and low processing cost [24]. The binder 

distribution will be a more important issue for the water-based binder due to 

the hydrophobicity of silicon nanoparticles, which makes the even distribution 

of water-based binder in the electrode challenging. Therefore, both enhancing 

the mechanical properties of binders and improving the binder distribution are 

very important and they should be addressed at the same time. 

 In this chapter, I propose TEMPO-oxidized cellulose nanofibers 

(TOCNF) as multifunctional additives which can improve the electrochemical 

performance by several factors: (1) better stress distribution, (2) enhanced 

mechanical properties of the binder, (3) increased binder uniformity in the 

electrode and (4) stable SEI layer formation. TEMPO-oxidized cellulose 

nanofibers can be synthesized from naturally abundant and very cheap 



213 

 

cellulose. Recently, TOCNF shows its potential as a binder for flexible 

lithium-ion batteries using minimal volume expanding materials such as 

graphite or lithium titanate anode and lithium iron phosphate cathode [25-27]. 

However, for volume expanding silicon anodes, binder design and utilization 

should be changed as discussed above. In this chapter, I show that TEMPO-

oxidized cellulose nanofiber exhibited less performance than even the very 

cheap and already commercialized conventional binder CMC, which makes it 

hard to be used as a binder for silicon anodes. However, if it is utilized as an 

additive, it improves the electrochemical performance of silicon very 

effectively by assisting CMC. Only a small amount (~ 1 wt%) of the additive 

significantly improves the cycling performance of silicon. The one-

dimensional TOCNF can help to distribute the stress over particles and act as 

reinforcing fibers to enhance the mechanical properties of CMC binder. More 

importantly, TOCNF has carboxylic groups that make adhesive to silicon 

nanoparticles and endows self-healing property. In addition, by mixing 

TOCNF and silicon nanoparticles first, the binder can be distributed uniformly 

and it can protect the silicon nanoparticle surface through the formation of a 

stable SEI layer. Therefore, Si-TOCNF 1% delivered a reversible specific 

capacity of 1187 mAh g-1 (96.8% capacity retention) after 500 cycles at 2 A g-

1. I think that the multifunctional additive gives an impact on silicon anodes 

since it addresses several issues at the same time. In addition, natural 
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abundance and low-cost of cellulose may enable the utilization in real 

applications. Furthermore, this multifunctional additive can be utilized in 

other water-based binders and even other binder-related applications such as 

glue, dye-sensitized solar cells, electrochemical sensors and electrocatalysts 

beyond just energy storage devices. Moreover, I think that the additive 

approach is better than the conventional strategy of finding or synthesizing 

new binder materials which most binder-related researches are utilizing since 

it can be used with already developed binders that don’t require a long process 

before mass production. 

 

3.1.2. Experimental 

Synthesis of TEMPO-oxidized cellulose nanofibers (TOCNF)  

A synthesis method for TOCNF is the same as our previous 

research.[28] Never dried cellulose pulp (Domsjö Fabriker AB, Sweden) was 

washed with HCl solution (pH 2). The pulp (dry content of 20 g) was put into 

sodium phosphate buffer (1800 ml, pH 6.8) at 60 ℃. 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) radical (0.1 mmol, Alfa Aesar, 98%) 

was added to the solution and then sodium chlorite (0.2 mol, Sigma Aldrich, 

80%) was added. After dissolving, sodium hypochlorite (1 mol, 10 ~ 15 % 
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available chlorine, Sigma Aldrich) was added. The suspension was stirred for 

140 minutes and then was vacuum filtered to wash with DI water. 1 % 

TEMPO-oxidized cellulose nanofibers were prepared and homogenized at 

high pressure (1600 bars) using a microfluidizer (M-110EH, Microfluidics). 

Finally, the suspension was diluted to ~ 3 mg mL-1 using DI water and 

sonicated with a probe sonicator (20 kHz, 80% total power, 250 ml max 

volume) for 8 minutes. 

 

Pre-mixing for Si-TOCNF  

Air-exposed silicon nanoparticles (200 mg, < 100 nm, American 

elements) were suspended in ethanol (6 ml) and were sonicated for 10 minutes. 

The suspension was diluted with DI water (14 ml). TEMPO-oxidized cellulose 

nanofiber suspension (1.42 g for Si-TOCNF 1% and 7.14 g for Si-TOCNF 5%) 

(0.2 wt%) was added. Additional DI water was added up to 40 ml of total 

volume of suspension. The suspension was sonicated for 20 minutes and 

transferred to a Falcon tube (50 ml). The Falcon tube with the suspension was 

submerged to liquid N2 for 5 minutes and transferred to a freeze dryer (FDB-

5503, Operon) and then it was freeze-dried for 2 days. 
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Synthesis of CMC and TOCNF-CMC film  

Sodium carboxymethyl cellulose (CMC) (1 g) (MW ~ 90,000, D.S. ~ 

0.7, Sigma Aldrich) was dissolved in DI water (80 ml) to make 1.23 wt% 

solution. For TOCNF-CMC (1:14) solution, TOCNF solution (0.17 g) (0.83 

wt%) was added to DI water (20 ml) and then CMC powder (20 mg) was added. 

For TOCNF-CMC (5:10) solution, TOCNF solution (0.85 g) (0.83 wt%) was 

added to DI water (20 ml) and then CMC powder (14 mg) was added. The 

CMC solution and TOCNF-CMC solution were poured on a glass slide in a 

plastic Petri dish and degassed in a low vacuum for 4 hours using a vacuum 

desiccator. Then, the Petri dishes were transferred to an oven at 60 ℃ and dried 

for 20 hours to get transparent binder films (thickness ~ 100 μm) on the glass 

slide. 

 

Material characterization  

Scanning transmission microscopy images (STEM) for TOCNF were 

conducted using a JEOL JSM-7401F (20 kV) in transmission mode. 

Transmission electron microscopy (TEM) images were taken by an energy-

filtering transmission electron microscope (Libra 120, Carl Zeiss, 120 kV). 

Scanning electron microscope (Hitachi S-4800, 15 kV) was used to obtain 

scanning microscopy images (SEM) images. The crystallinity of samples was 
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examined by X-ray diffraction (XRD) (Bruker New D8 Advance, 40 kV, 40 

mA) with a scan rate of 4° min-1 and a Cu target. The amount of TOCNF was 

measured by thermal gravimetric analysis (TGA) using a TGA/DSC 1 

analyzer (Mettler Toledo) with a ramp rate of 10 ℃ min-1 in the air. Brunauer–

Emmett–Teller (BET) surface area, N2 adsorption/desorption isotherm and 

Barrett-Joyner-Halenda (BJH) pore size distribution were obtained by a 

BELSORP-mini (MicrotracBEL Corp) at 77 K. Surface and interfacial cutting 

analysis system (SAICAS) (NNEX, Sungmoon Systech Corp.) was used to 

measure the adhesion strength and the shear stress between particles with a 

vertical force of 0.2 N and a horizontal velocity of 1.0 μm s-1. At the peeling 

mode, the blade (1 mm width) was held at 3 μm depth from the surface to 

measure the adhesion strength only between particles. Nano-scratching test 

was conducted by a Nano/micro scratch tester (NST/MST, Anton-Parr). The 

electrodes were scratched for 50 μm at a vertical force of 500 μN and a 

horizontal velocity of 0.5 mm min-1 with a sphero-conical diamond indenter 

(radius 2 μm, 90°). Nanoindentation was performed using a nano indenter 

(NanoTest NTX, Micro Materials). As-prepared CMC, TOCNF/CMC (1:14) 

and TOCNF/CMC (5:10) film (thickness ~ 100 μm) prepared on the glass were 

indented by a standard Berkovich indenter. The indenter was loaded up to 2 

mN to minimize the substrate effect and it was held for 5 seconds and unloaded. 

During the unloading, the indenter was held again at 0.2 mN for 60 seconds. 
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The sheet resistance of samples was measured by a four-point probe resistivity 

meter (DASOLENG, FPP-40 K). Atomic force microscopy (AFM) 3D images 

were acquired by an atomic force microscope (Dimension edge, Bruker) in the 

air. Optical microscopy images were obtained using an optical microscope 

(Eclipse lv100, Nikon). Fourier-transform infrared spectroscopy (FT-IR) 

spectra were acquired using an FT-IR spectrometer (Alpha, Bruker) with an 

attenuated total reflection (ATR) module. X-ray photoelectron spectroscopy 

(XPS) spectra were obtained by an electron spectroscopy for chemical analysis 

(ESCA) spectrometer (SIGMA PROBE, ThermoFisher Scientific). 

 

Electrochemical evaluation 

For the pre-mixed samples, the slurry was made by a mechanical 

mixing of as-prepared Si-TOCNF, conductive additives (TIMCAL Super P 

C65) and sodium carboxymethyl cellulose (CMC) (MW ~ 90,000, D.S. ~ 0.7, 

Sigma Aldrich) in DI water with a weight ratio of 71:15:14 for Si-TOCNF 1% 

and 75:15:10 for Si-TOCNF 5%. For the non-premixed samples, silicon 

nanoparticles, conductive additives, TOCNF and CMC were mixed at the 

same time in DI water by a weight ratio of 70:15:1:14 for non-premixed Si-

TOCNF 1% and 70:15:15:0 for non-premixed Si-TOCNF 15%. For Si-

TOCNF 0%, the slurry was made with a weight ratio of 70:15:0:15. The 
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slurries were cast on a Cu foil with a doctor blade and dried in a vacuum oven 

at 60 ℃ for 4 h. Si loading mass of samples is ~ 0.4 mg cm-2 and for higher 

mass loading samples, it is ~ 0.9 mg cm-2. The thickness of the electrode 

excluding a Cu foil is about 10 μm for ~ 0.4 mg cm-2 samples and is about 20 

μm for ~ 0.9 mg cm-2 samples. For cyclic voltammetry of CMC and TOCNF, 

CMC or TOCNF solution was cast on a Cu foil with the doctor blade and dried 

in a vacuum oven. The loading mass is about ~ 0.7 mg cm-2. CMC and TOCNF 

electrode were tested between 0.01 ~ 1.5 V (vs. Li/Li+) with a scan rate of 0.2 

mV s-1. The electrolyte was 1.3 M LiPF6 in a 3:7 (v/v) mixture of ethylene 

carbonate (EC) and diethyl carbonate (DEC) with 10 % fluoroethylene 

carbonate (FEC) (PANAX). The electrochemical cells were fabricated using 

coin-type cells (CR-2016) in an Ar-filled glove box (O2 < 1 ppm). Cells were 

galvanostatically tested in a potential range between 0.01 ~ 1.5 V (vs. Li/Li+) 

using a battery cycler (WBCS3000S, WonAtech). Cyclic voltammetry was 

performed in a potential range between 0.01 ~ 2.0 V (vs. Li/Li+) with a scan 

rate of 0.1 mV s-1. 
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3.1.3. Results and discussion 

Figure 3.1.1a shows the schematic illustration of sample preparation 

through the pre-mixing. Silicon nanoparticles were dispersed in ethanol first 

and TOCNF aqueous solution was put into silicon nanoparticle suspension and 

freeze-dried, resulting in a hydrophilic composite. During this step, 

hydrophobic silicon nanoparticle aggregates are broken down into small 

aggregates because silicon nanoparticles can be well dispersed in ethanol and 

TOCNF covers the surface of the silicon nanoparticle via hydrogen bonding. 

Using the product, the slurries with three different weight ratio (Si:conductive 

additive:TOCNF:CMC, 70:15:0:15, 70:15:1:14, 70:15:5:10) using DI water as 

a solvent were made and used to fabricate the electrodes. Depending on the 

ratio, samples were named as Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 

5%. Figure 3.1.1b displays the multifunction of the additive that acts as a 

reinforcing fiber which can enhance the mechanical properties of CMC and 

provide better stress distribution capability, and act as an assitant binder which 

promotes the stable SEI layer formation and increases binder uniformity. 

TOCNF were further examined using scanning transmission electron 

microscopy (STEM) (Figure 3.1.1c). The STEM image clearly shows the one-

dimensional structure of TOCNF. The thickness and length of TOCNF were 

1.55 ± 0.53 nm and 0.39 ± 0.25 μm, which were confirmed by chapter 2 Part 
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I [28]. In addition, FT-IR spectrum of TOCNF clearly exhibits the carboxylic 

group at 1404 cm-1 and 1600 cm-1 corresponding to symmetric stretching and 

asymmetric stretching (Figure 3.1.2).  

 

 

Figure 3.1.1. Schematic illustration of (a) sample preparation for Si-TOCNF 

0%, Si-TOCNF 1% and Si-TOCNF 5%. (b) A visual representation of 

multifunction of cellulose nanofiber additives. (c) STEM image of TOCNF. 

(d) SEM images of Si-TOCNF 5%. 
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Figure 3.1.2. FT-IR spectrum of TOCNF. 

 

As mentioned above, the carboxylic group plays an important role for self-

healing. Damaged electrodes can be restored during cycling via ion dipole-

dipole interaction and hydrogen bonding, which greatly improves the cycling 

stability [4, 14, 15, 17]. Figure 3.1.1d shows that Si-TOCNF 5% clearly 

exhibits one-dimensional fibers which are aggregated TOCNF. Scanning 

electron microscopy (SEM) images of Si-TOCNF 0%, Si-TOCNF 1% were 

also obtained (Figure 3.1.3). Si-TOCNF 0% (bare silicon nanoparticles) has 

the spherical shape as expected. Si-TOCNF 1% looks very similar to Si-

TOCNF 0% since TOCNF is too thin to be observed by SEM. For further study, 
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transmission electron microscopy images (TEM) shows the morphology of Si-

TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% (Figure 3.1.4). Si-TOCNF 1% 

exhibits some aggregated one-dimensional TOCNF (Figure 3.1.4) and some 

silicon nanoparticles were coated with very thin (~ 1.55 nm) TOCNF (Figure 

3.1.4) which may be due to hydrogen bonding. Si-TOCNF 5% shows more 

one-dimensional TOCNF than Si-TOCNF 1%. TOCNF were well attached on 

silicon nanoparticles in both samples. This proves that TOCNF as the assistant 

binder is adhesive to silicon nanoparticles. To be sure, FT-IR spectrum of Si-

TOCNF 15% was compared with that of silicon nanoparticles and TOCNF 

(Figure 3.1.5). Si-O band at 808 cm-1 was red-shifted to 792 cm-1. Such shift 

may be caused by hydrogen bonding between SiOx and –COOH of TOCNF. 

Figure 3.1.5c shows that Si-O band around 1075 cm-1 disappeared, which 

might be attributed to the band overlapping of Si-O and C-O caused by red 

shift of Si-O band. 
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Figure 3.1.3. SEM images of the powder of (a, b) Si-TOCNF 0% and (c, d) 

Si-TOCNF 1%. 
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Figure 3.1.4. TEM images of the powder of (a, b) Si-TOCNF 0%, (c, d) Si-

TOCNF 1% and (e, f) Si-TOCNF 5%. 
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Figure 3.1.5. FT-IR spectra of TOCNF, Si-TOCNF 15% and wet-oxidized 

silicon nanoparticle. 

 

 The thermal gravimetric analysis (TGA) curve shown in Figure 3.1.6 

were used to determine the amount of TOCNF in Si-TOCNF 1% and Si-

TOCNF 5%. Si-TOCNF 0% (pristine silicon nanoparticles) was also measured 

for the baseline since silicon nanoparticles are oxidized in air at high 

temperature. Si-TOCNF 1% and Si-TOCNF 5% started to lose their weight at 

230 ℃, which corresponds to the decomposition of TOCNF. Si-TOCNF 1% 
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and Si-TOCNF 5% lost about 1.1 % and 6.7 % of their weight. This is similar 

to the calculated amount (1.4 %, 6.6 %): note that the percentage in their 

sample names indicates the amount of TOCNF in the final electrode including 

the active material, conductive additive and main binder (CMC). 

 

 

Figure 3.1.6. TGA graph of the pre-mixed powder of Si-TOCNF 0%, Si-

TOCNF 1% and Si-TOCNF 5%. Note that the percentage in their sample 

names indicates the amount of TOCNF in a total electrode including an active 

material, a conductive additive and a main binder (CMC). 
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 X-ray diffraction confirmed the crystallinity of samples (Figure 

3.1.7). The pre-mixed powder of Si-TOCNF 0%, Si-TOCNF 1%, Si-TOCNF 

5%. All samples clearly display the sharp peaks at 28.4˚, 47.3˚, 56.1˚, 69.1˚ 

and 76.3˚ which corresponds to (111), (220), (311), (400) and (331) planes of 

crystalline silicon, respectively (JCPDS card No. 27-1402). Interestingly, there 

are no obvious peaks around 16˚ and 23˚ corresponding (110), (1-10) and (200) 

planes of cellulose-I structure [29] for Si-TOCNF 1% and Si-TOCNF 5%. This 

may be due to the amount of TOCNF is too small to appear in XRD patterns. 

 

 

Figure 3.1.7. XRD patterns of the pre-mixed powder of Si-TOCNF 0%, Si-

TOCNF 1% and Si-TOCNF 5%. 
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 More importantly, Figure 3.1.8a shows that the pre-mixed additive 

can uniformly distribute CMC over silicon nanoparticles. It is hard to disperse 

silicon nanoparticles in water because they are not easily wetted due to their 

hydrophobicity. Figure 3.1.8b shows that most silicon nanoparticles are not 

well dispersed and floating on top of the water. Even after sonication for 30 

minutes, many silicon nanoparticles remain on the water surface. These 

hydrophobic silicon nanoparticles form large aggregates by hydrophobic 

interaction in the water slurry and neither the water or water-soluble CMC can 

penetrate into the aggregates without prior wetting. Therefore, CMC will be 

distributed over the aggregates rather than over each silicon nanoparticle. On 

the other hand, Si-TOCNF 1% is easily wetted and dispersed in the water even 

without the sonication process, which results in smaller aggregates and 

homogenous distribution of CMC. By mixing TOCNF and silicon 

nanoparticles, silicon nanoparticles become hydrophilic due to the hydrophilic 

TOCNF and the wet oxidation [2, 23, 30] of the silicon nanoparticles in water. 

Wet oxidiation of silicon nanoparticles were confirmed by FT-IR (Figure 

3.1.9). Pristine silicon nanoparticles don’t exhibit –OH band around 3400 cm-

1. After the wet oxidation for 20 minuets, -OH band appeared. After 3 days of 

storing in DI water, the intensity of -OH band increased. Since the treatment 

time can affect the oxidation level of silicon nanoparticles, the time carefully 

regulated as 20 minuets. Interestingly, the thickness of the oxide layer (~ 3 nm) 
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after 3 days storing is still similar to pristine silicon nanoparticles (Figure 

2.1.9 and Figure 3.1.10). Dynamic light scattering (DLS) shows how the 

silicon nanoparticles are dispersed in a diluted slurry (Figure 3.1.8c). The 

slurry was diluted with water and made without a conductive additive to solely 

show the silicon nanoparticles. The diluted slurry solution of Si-TOCNF 0%, 

Si-TOCNF 1% and Si-TOCNF 5% was measured. Si-TOCNF 0% has 298.2 ± 

135 nm-sized silicon nanoparticle aggregates. On the other hand, Si-TOCNF 

1% and Si-TOCNF 5% have 117.8 ± 27 nm and 127.8 ± 26 nm-sized silicon 

nanoparticles, which indicates almost individual dispersion of silicon 

nanoparticles (< 100 nm).  
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Figure 3.1.8. (a) Hypothesis of binder distribution mechanism of Si-TOCNF 

0% and Si-TOCNF in aqueous slurry solutions. (b) Dispersibility test of Si-

TOCNF 0% and Si-TOCNF 1% powder in DI water. (c) DLS size distribution 

by number of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% in the diluted 

slurry solution without conductive additives. (d) Optical microscopy images 

of Si-TOCNF 0% and Si-TOCNF 1% electrode prepared on glass slides. (e) 

Nano-scratching test for Si-TOCNF 0% electrode with the optical microscopy 

image of scratched area. 
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To examine how silicon nanoparticles are actually distributed in the electrode, 

Si-TOCNF 0% and Si-TOCNF 1% slurry prepared using a mortar were cast 

on glass slides. Many silicon nanoparticle (tens of micrometer size) aggregates 

were found in Si-TOCNF 0%, while Si-TOCNF 1% and Si-TOCNF 5% did 

not exhibit such aggregates with low magnification (Figure 3.1.11d and 

Figure 3.1.12). High magnification images clearly display the aggregates size 

of Si-TOCNF 0% is bigger (Figure 3.1.11a-e). Moreover, conductive 

additives are also poorly distributed in Si-TOCNF 0%, which might be due to 

the bigger size of silicon aggregates. In order to examine how much binder is 

present in the silicon nanoparticle aggregates, the nano-scratching test was 

performed on the aggregates (Figure 3.1.8e). Lateral force dropped from about 

7 mN to about 4 mN at the aggregates, which implies that much less or no 

binder exists in the aggregates. In order to examine the effect of the pre-mixing, 

non-premixed Si-TOCNF 1% was also observed (Figure 3.1.11f). It exhibits 

larger aggregates compared to Si-TOCNF 1% and Si-TOCNF 5% but they are 

smaller than Si-TOCNF 0%. This might be owing to the good flexibility of 

TOCNF [26, 31] because the stiffness of binder affects the binder coverage on 

particles [32]. The high stiffness of CMC makes it difficult to coat a sphere-

shaped particle [32]. In fact, the molecular modeling of CMC adsorption on a 

polar surface suggests that it adsorbs in a ‘flat’ configuration due to high 

stiffness [33]. Therefore, CMC may bridge particles rather than cover them. 
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During the slurry mixing, TOCNF may effectively cover the exposed silicon 

nanoparticles in the aggregates to make them more hydrophilic, which allows 

for better water access. A digital photo image of Si-TOCNF 1% electrode 

prepared on the glass slide is shown in Figure 3.1.13.  

 

 

 

Figure 3.1.9. FT-IR spectra of pristine silicon nanoparticles, wet-oxidized 

silicon nanoparticles for 20 mins and wet-oxidized silicon nanoparticles for 3 

days. 
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Figure 3.1.10. TEM image of wet-oxidized silicon nanoparticles for 3 days. 
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Figure 3.1.11. Optical microscopy images of (a, c) Si-TOCNF 0%, (b, d) Si-

TOCNF 1%, (e) Si-TOCNF 5% and (f) non-premixed Si-TOCNF 1% 

electrode prepared on the glass slide with high magnification. The red circles 

indicate aggregated conductive additives. 
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Figure 3.1.12. Optical microscopy image of Si-TOCNF 5% electrode 

prepared on the glass slide. 

 

 

Figure 3.1.13. Digital photo image of Si-TOCNF 1% electrode prepared on 

the glass slide for optical microscopy imaging. 



237 

 

 Nanoindentation was performed to show how TOCNF affects the 

mechanical properties of the binder as a reinforcing fiber (Figure 3.1.14). Pure 

CMC film and TOCNF-CMC films with 1:14 and 5:10 weight ratio, which 

corresponds to Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5%, were tested 

with a maximum loading of 2 mN to keep the penetration depth less than 10 % 

of film thickness, which minimizes the influence of substrate (glass) [34]. 

TOCNF-CMC (5:10) shows the least indentation depth and TOCNF-CMC 

(1:14) exhibits less indentation depth than pure CMC. This result implies that 

more force is required to penetrate the TOCNF-CMC films in accordance with 

the tendency in creep behavior. The depth change of TOCNF-CMC (5:10) is 

the smallest in both holdings at the maximum loading and 0.2 mN loading, 

which means that TOCNF-CMC (5:10) can endure the stress better than 

TOCNF-CMC (1:14) and CMC. TOCNF-CMC (1:14) also shows less depth 

change in both holdings than pure CMC film. To analyze quantitatively, 

reduced elastic modulus (Er), hardness and maximum depth were obtained 

(Figure 3.1.14b). Reduced elastic modulus of CMC, TOCNF-CMC (1:14) and 

TOCNF-CMC (5:10) is 3.15, 8.94 and 11.2 GPa, respectively. Similarly, 

hardness is 0.192, 0.405 and 0.716 GPa and maximum indentation depth is 

747.1, 476.8 and 366.9 nm. Reduced elastic modulus is represented as the 

following equation (1):  
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𝐸𝑟 =  (
1 − 𝑣𝑠

2

𝐸𝑠
) + (

1 − 𝑣𝑖
2

𝐸𝑖
)    (1) 

where Er is reduced elastic modulus, Es is the elastic modulus of the sample, 

vs is Poisson’s ratio of the sample, Ei is the elastic modulus of the indenter and 

vi is Poisson’s ratio of the indenter. Even a small portion (1/15) of the TOCNF 

additive significantly improved the mechanical properties of the binder. This 

result proves that TOCNF with the one-dimensional structure can improve the 

hardness and reduced elastic modulus of CMC film as a reinforcing fiber. 

 

 

Figure 3.1.14. (a) Nanoindentation profiles of CMC, TOCNF-CMC (1:14) 

and TOCNF-CMC (5:10) film. (b) Nanoindentation parameters of CMC, 

TOCNF-CMC (1:14) and TOCNF-CMC (5:10) film. 
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In order to examine how the additive affects the adhesion strength 

between silicon nanoparticles in the electrodes, surface and interfacial cutting 

analysis system (SAICAS) measurement was performed. Recently, SAICAS 

measurements have been used to evaluate the adhesion strength of binder 

materials in electrodes [35, 36]. A blade (1 mm width) peels the electrode by 

moving vertically and horizontally in either constant load or constant velocity 

mode (Figure 3.1.15a). The generic 180° peeling test is not suitable to analyze 

the adhesion strength between particles since the electrode is peeled from the 

part which has the lowest adhesion strength regardless of between particles or 

between the particle and a current collector [35, 36]. On the other hand, 

SAICAS can selectively measure the adhesion strength between particles or 

between particles and the current collector by adjusting the depth [36]. Figure 

3.1.15b shows the shear stress vs. depth curve measured during a cutting mode 

(constant load) with a vertical force of 0.2 N and a horizontal velocity of 1.0 

μm s-1. Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% exhibited a shear 

stress of 3.88 ± 1.00, 8.09 ± 0.88 and 15.12 ± 1.36 MPa, respectively. Both Si-

TOCNF 1% and 5% require more force to cut into the electrode than Si-

TOCNF 0%. The adhesion strength between particles in the electrode was 

measured by the horizontal peeling test at 3 μm depth from the surface with 

1.0 μm s-1 (Figure 3.1.15c). Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% 

exhibited the adhesion strength of 10.21 ± 0.79, 27.58 ± 1.41 and 35.49 ± 1.55 
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N m-1, respectively. The equations to calculate (2) the shear stress and (3) the 

adhesion strength are as followings:  

Shear stress =  
𝐹𝐻

(2𝑤 ∗ 𝑑 ∗ cot 𝜃)
 (2) 

Adhesion strength =  
𝐹𝐻

𝑤
       (3) 

 where FH is the horizontal force, w is the blade width, d is the depth and θ is 

the shear angle. 
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Figure 3.1.15. (a) Measurement method of surface and interfacial cutting 

analysis system (SAICAS). (b) Shear stress of Si-TOCNF 0%, Si-TOCNF 1% 

and Si-TOCNF 5% electrode measured by SAICAS at cutting mode with a 

vertical force of 0.2 N. (c) Adhesion strength of Si-TOCNF 0%, Si-TOCNF 1% 

and Si-TOCNF 5% at 3 μm depth from the surface at peeling mode with 1.0 

μm s-1 horizontal velocity. (d) Schematic illustration of force distribution over 

silicon nanoparticles for Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5%. 

(e) Nano-scratching data (Lateral force vs. Lateral displacement) for Si-

TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5%. (f) AFM 3D images of 

scratched Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5%. (e) A depth 

histogram for (f) the scratched area. 
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The enhanced adhesion strength and higher shear stress of Si-TOCNF 1% and 

Si-TOCNF 5% compared to Si-TOCNF 0% are attributed to the efficient stress 

distribution capability of TOCNF. In the nanoindentation analysis, TOCNF 

improved the hardness and reduced elastic modulus of CMC as the reinforcing 

fiber. Similarly, in the case of the electrode, TOCNF on silicon nanoparticles 

can efficiently distribute the force along its one-dimensional structure, which 

increases the adhesion strength (Figure 3.1.15d). The absence of TOCNF will 

lead to the accumulation of stress and eventually results in the detachment or 

rupture of nanoparticles. In fact, the binder distribution should affect the 

adhesion strength, either. However, as SAICAS measurement is based on the 

millimeter scale (1 mm x 0.5 mm) (Figure 3.1.16), the effect of the binder 

distribution may become minimal. Since the measured horizontal force is 

based on the average force occurred by the movement of 1 mm wide blade, 

the data may depend on the amount of binder in the area unless the binder is 

distributed poorly in millimeter scale, which is not the case as shown in Figure 

3.1.11. The total amount of binder and additive in the millimeter scale area 

should be very similar for all samples. In addition, Si-TOCNF 5% exhibited 

higher shear stress and adhesion strength than Si-TOCNF 1%. Since both Si-

TOCNF 1% and Si-TOCNF 5% have the good binder distribution, this 

difference should be related to TOCNF rather than the binder distribution.  
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Figure 3.1.16. Optical microscopy image of Si-TOCNF 5% electrode after 

peeling test using SAICAS. 

 

In order to make sure, a nano-scratching test was performed (Figure 3.1.15e). 

Lateral forces of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% are 6.91 

± 0.58, 10.54 ± 0.49 and 11.89 ± 0.46 mN, respectively. This result is in 

agreement with SAICAS measurement data. As shown in Figure 3.1.12e, the 

lateral force decreases at the aggregate due to the poor binder distribution. To 

neglect the effect of the binder distribution, the nano-scratching test for Si-

TOCNF 0% was performed on the well-distributed region (Figure 3.1.17). 

Therefore, this result proves that TOCNF additive can enhance the adhesion 
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strength through efficient stress distribution. Atomic force microscopy 3D 

images show that the scratch of Si-TOCNF 0%, Si-TOCNF 1% and Si-

TOCNF 5% (Figure 3.1.15f). The depth histogram for the scratch exhibits that 

the scratch depth of Si-TOCNF 0% (~ 2.2 μm) is deeper than that of Si-

TOCNF 1% (~ 1.2 μm) and Si-TOCNF 5% (~ 1.0 μm) due to the increased 

shear stress by the TOCNF additive (Figure 3.1.15g, h). 

 

 

 

Figure 3.1.17. Optical microscopy image of the nano-scratched area of Si-

TOCNF 0%. 
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 Most importantly, the electrochemical performance of all samples was 

evaluated (Figure 3.1.18). Before explaining the electrochemical performance, 

the electrochemical stability of CMC and TOCNF was tested by cyclic 

voltammetry for 5 cycles (Figure 3.1.19). CMC or TOCNF binder solution 

was cast on a Cu foil and dried to make CMC or TOCNF electrode. Cyclic 

voltammograms of CMC and TOCNF are almost identical because both are 

cellulose with similar molecular structures. During the initial cathodic scan, 

the peaks appeared at 1.2 V, 0.8 V and 0.5 V related to SEI layer formation. 

After the first cycle, both samples shows no distinctive electrochemical 

reaction, which proves that TOCNF is electrochemically stable like CMC. 

Figure 3.1.18a-c show galvanostatic charge/discharge profiles of Si-TOCNF 

0%, Si- TOCNF 1% and Si-TOCNF 5%. Si-TOCNF 0%, Si-TOCNF 1% and 

Si-TOCNF 5% exhibited a reversible specific capacity of 1620, 1926 and 1799 

mAh g-1 at 0.1 A g-1 with the initial coulombic efficiency of 73.1, 71.1 and 

68.9 %, respectively. Interestingly, the initial coulombic efficiency decreases 

as the amount of TOCNF increases. This might be due to better binder 

coverage on the surface of silicon nanoparticles. If the binder coverage over 

silicon nanoparticles is good, more binder can react with the electrolyte, which 

results in lower initial coulombic efficiency [21]. Therefore, this result implies 

that binders in Si-TOCNF 1% and Si-TOCNF 5% covers silicon nanoparticles 

well, which might be due to the good flexibility of TOCNF as discussed above. 
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In fact, the low initial coulombic efficiency is a serious problem for the 

electrochemical performance in a full-cell because lithium ions are scarce [37, 

38]. However, this low coulombic efficiency should be related to a stable SEI 

layer formation because the good binder coverage over silicon nanoparticles 

can protect the silicon surface from the formation of an unstable SEI layer [16, 

22, 23]. This will be discussed later in detail. This is advantageous in terms of 

long-term cycling performance, considering that the decrease of the initial 

coulombic efficiency for Si-TOCNF 1% is small and various prelithiation 

techniques [37, 38] can be used to overcome it.  
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Figure 3.1.18. (a-c) Galvanostatic charge/discharge profiles of Si-TOCNF 0%, 

Si-TOCNF 1% and Si-TOCNF 5% with the initial coulombic efficiency at 0.1 

A g-1. (d) Cyclic voltammogram of Si-TOCNF 1% with a scan rate of 0.1 mV 

s-1. (e) Cycling performance of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 

5% for 500 cycles at 2 A g-1. (f) Schematic illustration of cycled Si-TOCNF 

0%, Si-TOCNF 1% and Si-TOCNF 5% electrode. 
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In addition, Si-TOCNF 15% (70:15:0:15) that has no CMC and prepared 

without premixing was tested to show the binder coverage capability of 

TOCNF (Figure 3.1.20). It exhibited the lowest initial coulombic efficiency 

of 65.0 % due to the good TOCNF coverage on silicon nanoparticles. Si-

TOCNF 1% shows the highest capacity, which might be due to increased 

porosity and better-distributed conductive additives. 

 

 

Figure 3.1.19. Cyclic voltammogram of CMC and TOCNF binder between 

0.01 ~ 1.5 V (vs. Li/Li+) with a scan rate of 0.2 mV s-1. 
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Figure 3.1.20. Galvanostatic charge/discharge profile of Si-TOCNF 15% 

without premixing. 

 

Figure 3.1.21 displays N2 adsorption/desorption isotherms with Brunauer–

Emmett–Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore 

size distribution of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5%. BET 

surface area of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% is 42.4, 

43.5 and 47.5 m2 g-1 and the total pore volumes are 0.16, 0.30 and 0.49 cm3 g-

1, respectively. Some aggregated TOCNF might act as a spacer to create pores 

during the pre-mixing step. In addition, conductive additives were distributed 

better in the electrode (Figure 3.1.11b). If conductive additives are distributed 

well in the electrode, an electron can flow efficiently, which decreases the 
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electrode polarization. As a crosscheck for the better conductive additives 

distribution, the sheet resistance of Si-TOCNF 0%, Si-TOCNF 1% and Si-

TOCNF 5% was measured using a four-point probe (Table 3.1.1). All samples 

for the measurement were prepared on glass slides to exclude the effect of the 

current collector. Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% show 

sheet resistance of 6.02 ± 0.16, 5.46 ± 0.38 and 5.40 ± 0.05 kΩ □-1, respectively. 

The better-distributed conductive additives decreased the sheet resistance of 

Si-TOCNF 1% and Si-TOCNF 5%. Increased porosity and the enhanced 

electrical conductivity provide better ion and electron path that improves the 

capacity and the rate performance. However, Si-TOCNF 5% with higher pore 

volume and surface area exhibited less capacity than Si-TOCNF 1%. This 

might be attributed to the binder coverage. If a binder covers the surface of 

active material particles too uniformly, the binder layer on the particles 

interferes with lithium ion diffusion, which induces the electrode polarization 

[26].  
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Figure 3.1.21. (a) N2 adsorption/desorption isotherms of Si-TOCNF 0%, Si-

TOCNF 1% and Si-TOCNF 5%. (2) BJH pore distribution of Si-TOCNF 0%, 

Si-TOCNF 1% and Si-TOCNF 5%. 

 

Table 3.1.1. Sheet resistance of Si-TOCNF 0%, Si-TOCNF 1% and Si-

TOCNF 5% 

 Si-TOCNF 0% Si-TOCNF 1% Si-TOCNF 5% 

Sheet resistance  

(kΩ □-1 ) 

6.02 ± 0.16 5.46 ± 0.38 5.40 ± 0.05 

 

The electrode prepared on the glass to exclude the effect of current collector 

(Cu foil). 
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The rate performance was also tested (Figure 3.1.22a). Si-TOCNF 0% 

exhibited discharge specific capacities of 1540, 1259, 962, 738 and 548 mAh 

g-1 at 0.4, 1.0, 2.0, 4.0 and 8.0 A g-1, respectively. Si-TOCNF 1% showed 

discharge capacities of 1751, 1376, 1063, 753 and 544 mAh g-1 at 0.4, 1.0, 2.0, 

4.0 and 8.0 A g-1, respectively. Si-TOCNF 5% exhibited discharge capacities 

of 1664, 1279, 990, 744 and 525 mAh g-1 at 0.4, 1.0, 2.0, 4.0 and 8.0 A g-1, 

respectively. The performance differences are small, but at a low current 

density up to 2.0 A g-1, Si-TOCNF 1% and Si-TOCNF 5% exhibited better 

performance than Si-TOCNF 0% and have the same tendency as shown in 

galvanostatic charge/discharge profiles due to increased porosity and electrical 

conductivity. The rate performance difference is clearly observed at higher Si 

loading of ~ 0.9 mg cm-2 (Figure 3.1.22b). Si-TOCNF 0% exhibited 1383, 870, 

567, 290 and 61 mAh g-1 at the same current density conditions. On the other 

hand, Si-TOCNF 1% exhibited 1534, 1136, 819, 430 and 100 mAh g-1 at the 

same current density conditions. Generally, at a high mass loading, the 

electron and lithium ion diffusion path are longer which decreases the rate 

performance due to the increased electrode thickness [39]. Therefore, the 

porosity and electron path affect the electrochemical performance even more 

at high mass loading, which results in the distinguishable performance 

difference. In addition, the rate performance of Si-TOCNF 15% prepared 

without pre-mixing was also tested (Figure 3.1.23). It delivered a reversible 



253 

 

capacity of 1424, 1231, 1136, 519 and 24 mAh g-1 at the same current density 

conditions, which is poorer than Si-TOCNF 0%. As mentioned above, if the 

binder covers the active material too well, it increases the electrode 

polarization [26]. Therefore, this implies that TOCNF can cover silicon 

nanoparticles well even without the pre-mixing step that might be due to the 

good flexibility of TOCNF as discussed above. 

 

 

Figure 3.1.22. (a) The rate performance of Si-TOCNF 0%, Si-TOCNF 1% and 

Si-TOCNF 5% with Si mass loading of ~ 0.4 mg cm-2 and of (b) Si-TOCNF 

0% and Si-TOCNF 1% with Si mass loading of ~ 0.9 mg cm-2. 
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Figure 3.1.23. The rate performance of Si-TOCNF 15% without premixing. 

 

Cyclic voltammogram of Si-TOCNF 1% depicts the electrochemical 

behavior of typical silicon anode materials (Figure 3.1.18d). Si-TOCNF 1% 

was evaluated for five cycles with a scan rate of 0.1 mV s-1 between 0.01 ~ 2.0 

V (vs. Li/Li+). Small broad cathodic peaks around 1.1 and 0.8 V at the initial 

cycle may be related to the SEI layer formation [40]. The clear cathodic peaks 

around 0.2 and 0.01 V represent lithium-silicon alloying reaction. Two anodic 

peaks around 0.36 and 0.52 V correspond to lithium-silicon dealloying 

reaction. During the cycles, the intensity of the current was increasing due to 

the activation process [41]. 
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Cycling performance of Si-TOCNF 0%, Si-TOCNF 1% and Si-

TOCNF 5% displays the enhanced cycling performance by TOCNF additive 

(Figure 3.1.18e). After 500 cycles at 2 A g-1, Si-TOCNF 0%, Si-TOCNF 1% 

and Si-TOCNF 5% exhibited a reversible capacity of 429, 1187 and 1056 mAh 

g-1, which corresponds to capacity retention of 43.3, 96.8 and 87.6 %, 

respectively. The coulombic efficiency of Si-TOCNF 0%, Si-TOCNF 1% and 

Si-TOCNF 5% at the final cycle is 99.6, 99.3 and 99.5 %, respectively (Figure 

3.1.24). 

 

 

Figure 3.1.24. Coulombic efficiency of Si-TOCNF 0%, Si-TOCNF 1% and 

Si-TOCNF 5% during cycling. 
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Multifunctional TOCNF additive significantly improved the cycling 

stability. This is due to the following reasons: (1) better stress distribution, (2) 

uniform binder distribution, (3) enhanced mechanical properties and (4) stable 

SEI layer formation (Figure 3.1.18f). As discussed above, the pre-mixed 

TOCNF additive improves the stress distribution, binder uniformity and 

mechanical properties. Even a small amount (~ 1 %) of the additive 

significantly improved such properties. During cycling, the stress caused by 

the repetitive volume change of silicon nanoparticles makes silicon 

nanoparticles lose their electrical contact, which ends up with poor cycling 

stability [42]. Especially, weakly bound silicon nanoparticles due to low 

adhesion strength and poor distribution of binder can be easily detached from 

the electrode. The stress occurred by the volume change of silicon can be 

distributed to the electrode evenly due to efficient stress distribution and 

uniformly distributed binder. In addition, the binder with enhanced mechanical 

properties (reduced elastic modulus and hardness) helps to mitigate the 

volume change and suppress the electrical contact lost. Curiously, Si-TOCNF 

5% that has better mechanical properties and higher adhesion strength showed 

less cycling performance than Si-TOCNF 1%. This might be attributed to 

lower self-healing property of TOCNF compared to CMC. In fact, self-healing 

capability of a binder gives the most impact on the cycling stability compared 

to other properties such as crosslinking, stiffness and flexibility [43]. The 
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amount of carboxylic groups in TOCNF that play an important role in self-

healing property by ion-dipole interactions is much lower compared to CMC. 

In order to confirm that, the charge of TOCNF was measured by 

conductometric titration method (SCAN-CM 65:02) because the amount of 

charge directly related to the amount of carboxylic group. TOCNF exhibits a 

charge of 690 μmol g-1. On the other hand, CMC has a charge of 2939 μmol 

g-1 converted from D.S. ~ 0.7 by an equation shown in Figure 3.1.25. This 

means that CMC has 4.26 times more carboxylic groups than TOCNF. To 

understand quantitatively, the total amount of charge in CMC (Si-TOCNF 0%), 

TOCNF-CMC (1:14) (Si-TOCNF 1%) and TOCNF-CMC (5:10) (Si-TOCNF 

5%) were calculated. They are 2939, 2835 and 2222 μmol g-1, respectively. 

The percentage of carboxylic group amount in Si-TOCNF 1% and Si-TOCNF 

5% is 96.4 % and 75.6 % compared to Si-TOCNF 0%. Si-TOCNF 1% lost 

only 3.6 % of self-healing property while Si-TOCNF 5% lost 24.4 %. Even 

though Si-TOCNF 5% has higher adhesion strength and better mechanical 

properties than Si-TOCNF 1%, 24.4 % loss of self-healing property resulted 

in less cycling stability because self-healing property is the most influential 

factor for cycling stability.  
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Figure 3.1.25. Molecular structure of CMC and equation for charge. 

 

In order to confirm the electrochemical performance of TOCNF itself as the 

binder, Si-TOCNF 15% without premixing is also tested (Figure 3.1.26). It 

exhibited a reversible specific capacity of 208 mAh g-1 with 21.2 % capacity 

retention, which is much lower than that of CMC (429 mAh g-1 and 43.3 %). 

This might be due to lower self-healing capability of TOCNF. Therefore, 

adding more TOCNF by subtracting CMC is not efficient, considering even 
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an ~ 1% of TOCNF can greatly improve other factors. Fortunately, making 

higher charged TOCNF is possible by changing the synthesis condition. 

However, it makes TOCNF shorter, which can possibly result in poor 

mechanical properties [26, 44]. Therefore, it would be worth investigating how 

the charge of TOCNF affects the performance as the additive in a separate 

study. For higher Si mass loading, Si-TOCNF 0% and Si-TOCNF 1% with Si 

loading of ~ 0.9 mg cm-2 were also evaluated (Figure 3.1.27). After 500 cycles 

at 2 A g-1, Si-TOCNF 0% and Si-TOCNF 1% exhibited a reversible specific 

capacity of 99 and 396 mAh g-1. Furthermore, in order to see the effect of the 

pre-mixing, non-premixed Si-TOCNF 1% was also tested for 500 cycles at 2 

A g-1 (Figure 3.1.28). Si-TOCNF 1% electrode without premixing showed a 

reversible specific capacity of 298 mAh g-1 after 500 cycles. The poorer binder 

distribution of non-premixed Si-TOCNF 1% than the pre-mixed Si-TOCNF 1% 

resulted in the less cycling stability. However, it is still better than Si-TOCNF 

0%, which implies that TOCNF additive can enhance the cycling stability 

regardless of the pre-mixing effect. 
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Figure 3.1.26. Cycling performance of Si-TOCNF 15% without premixing. 

 

Figure 3.1.27. Cycling performance of Si-TOCNF 0% and Si-TOCNF 1% at 

2 A g-1 with higher Si mass loading of ~ 0.9 mg cm-2. 

 

Figure 3.1.28. Cycling performance of Si-TOCNF 1% and Si-TOCNF 1% 

without premixing with higher Si mass loading of ~ 0.9 mg cm-2. 
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Examination of electrode crack patterns caused by the volume 

expansion/contraction of silicon is a good method to investigate the effect of 

binders [21-23]. The cracks occur during delihiation that causes the volume 

shrinkage of the expanded electrode [45]. Therefore, the crack pattern depends 

on the thickness of the electrode since a thicker electrode expands more [45, 

46]. Especially, a binder can give a significant influence on the crack pattern 

[47]. SEM images of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% 

electrodes with the same thickness (~ 10 μm) after 500 cycles at 2 A g-1 are 

shown in Figure 3.1.29.  
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Figure 3.1.29. SEM images of Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 

5% electrode after 500 cycles at 2 A g-1 with (a, b) low magnification and (c, 

d) high magnification. 
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Si-TOCNF 0% exhibits larger and deeper crack patterns than Si-TOCNF 1% 

and Si-TOCNF 5%. Si-TOCNF 0% shows many lumps on its surface, which 

are delaminated silicon nanoparticles. The poor stress distribution and bad 

binder uniformity induced non-uniform volume expansion/contraction during 

cycling, which resulted in the delamination of the weakly bound silicon 

nanoparticles. On the other hand, Si-TOCNF 1% and Si-TOCNF 5% do not 

exhibit such lumps. This implies that the volume expansion/contraction during 

cycling was uniform because of the enhanced stress distribution and binder 

uniformity. Moreover, the shallow and fine cracks of Si-TOCNF 1% and Si-

TOCNF 5% prove that TOCNF additive can efficiently help to mitigate the 

volume expansion of silicon nanoparticles by enhancing the mechanical 

properties of the binder. Interestingly, Si-TOCNF 1% and Si-TOCNF 5% show 

similar crack patterns even though Si-TOCNF 5% has better mechanical 

properties. The difference of mechanical properties may not be high enough 

to be represented in the crack patterns since only 1% of TOCNF can 

significantly improve the mechanical properties already. The SEI layer of Si-

TOCNF 0% is much thicker than Si-TOCNF 1% and Si-TOCNF 5% (Figure 

3.1.29c, d). Silicon nanoparticles in Si-TOCNF 0% are covered by the smooth 

and thick SEI layer formed from the electrolyte decomposition, while Si-

TOCNF 1% and Si-TOCNF 5% exhibit some flower-like structures which 

might be formed from the electrolyte decomposition on TOCNF because Si-
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TOCNF 5% has more flower-like structures than Si-TOCNF 1%.  

In order to investigate the SEI layer composition, X-ray photoelectron 

spectroscopy (XPS) is conducted on Si-TOCNF 0%, Si-TOCNF 1% and Si-

TOCNF 5% electrode after 500 cycles (Figure 3.1.30).  

 

 

Figure 3.1.30. XPS spectra of (a) C 1s, (b) F 1s and (c) O 1s for Si-TOCNF 

0%, Si-TOCNF 1% and Si-TOCNF 5% electrode surface after 500 cycles at 2 

A g-1. 
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All electrodes were washed with dimethyl carbonate (DMC) 1 ~ 3 times to 

remove electrolyte components. C 1s spectra of Si-TOCNF 0% around ~ 289 

eV are higher than that of Si-TOCNF 1% and Si-TOCNF 5%, which are 

deconvoluted to CO3 and O-C-O [23, 48-50]. CO3 and O-C-O are from Li2CO3 

and CH3OCO2Li, which are typical upper SEI components formed by 

decomposition of the organic solvent (EC/DEC) [48, 50]. The presence of 

ROCO2Li and Li2CO3 can be found in FT-IR spectra, too (Figure 3.1.31). All 

samples display peaks at 1469 and 1610 cm-1 which correspond to Li2CO3 

(νCO3
2-) and ROCO2Li (νCO), respectively [50]. The peak around 861 cm-1 is 

related to ROCO2Li (δOCO2
-) [50] and the peak around 1065 cm-1 indicates 

the overlap of the νC-O band and Si-O-Si band [50, 51].  

 

Figure 3.1.31. FT-IR spectra of S-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 

5% electrode after 500 cycles at 2 A g-1. 
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The integrated area of CO3 peak in Si-TOCNF 0% is 29.3 % which is higher 

than 19.9 % for Si-TOCNF 1% and 18.5 % for Si-TOCNF 5%. This implies 

that a higher amount of organic solvents was decomposed in Si-TOCNF 0%, 

which agrees with the thicker SEI layer shown in Figure 3.1.29c, d. F 1s 

spectra around ~ 684 eV can be deconvoluted to LiF and P-O-F (LixPOyFz) 

peaks [48-50]. P-O-F peak of Si-TOCNF 0% is higher than that of Si-TOCNF 

1% and Si-TOCNF 5%. The integrated area of LixPOyFz is 28.6, 3.4 and 6.5 % 

for Si-TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5%, respectively. Fluorine-

containing components can be formed by the decomposition of either LiPF6 

salt or fluoroethylene carbonate (FEC). Since FEC doesn’t contain 

phosphorous, increased LixPOyFz may be due to the increased decomposition 

of LiPF6 salt. O 1s peaks around ~ 531 eV are also measured and can be 

deconvoluted to LixSiOy and two COx peaks (ROCO2Li) [48, 49, 52]. 

Interestingly, the relative intensity of LixSiOy peaks of Si-TOCNF 0% is lower 

than that of Si-TOCNF 1% and Si-TOCNF 5%. Since LixSiOy can only be 

formed on the silicon surface, the thick upper SEI layer may lower its intensity. 

However, the difference is not so high (< 4 %) due to the prolong cycle which 

induced the continuous SEI layer formation anyway regardless of samples. 

The integrated area of LixSiOy is 4.3, 7.8 and 6.0 % for Si-TOCNF 0%, Si-

TOCNF 1% and Si-TOCNF 5%, respectively. XPS wide scan of each sample 

is shown in Figure 3.1.32.  
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Figure 3.1.32. XPS wide scan of Si-TOCNF 0%, Si-TOCNF 1% and Si-

TOCNF 5% electrode after 500 cycles at 2 A g-1. 
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In summary, the thick SEI layer of Si-TOCNF 0% is originated from more 

decomposed organic solvents and LiPF6 salt. This is attributed to the binder 

coverage on silicon nanoparticles. The binder coverage on the particle affects 

the SEI layer composition. As already shown in Figure 3.1.4, TOCNF can 

cover silicon nanoparticles well. As shown in Figure 3.1.18a-c, the initial 

coulombic efficiency of Si-TOCNF 1% and Si-TOCNF 5% is lower than Si-

TOCNF 0%. This means that more SEI layer was formed at the initial cycle, 

which might be due to better binder coverage as explained earlier. However, 

after 500 cycles, both samples showed thin stable SEI layer, which can be 

regarded as a contradiction. SEI layer is continuously formed for initial few 

cycles due to the high volume change of silicon. Therefore, coulombic 

efficiency of early 5 cycles is examined (Table 3.1.2). Increased amount of 

TOCNF leads to low initial coulombic efficiency. Even for the second cycle, 

Si-TOCNF 5% and Si-TOCNF 15% exhibited 91.0 and 89.5 % of coulombic 

efficiency which are still lower than Si-TOCNF 0% (91.1 %). Unfinished 

reaction in binder-electrolyte interphase at the initial cycle may happen at the 

second cycle due to higher amount of TOCNF. For Si-TOCNF 1%, the 

coulombic efficiency of the second cycle (91.7 %) is higher than Si-TOCNF 

0% due to lower amount of TOCNF. For the subsequent cycles (3 ~ 5th), the 

coulombic efficiency of Si-TOCNF 1%, Si-TOCNF 5% and Si-TOCNF 15% 

is higher than Si-TOCNF 0%. Thicker but stable SEI layer formed during the 
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first and second cycle may minimize further SEI layer formation caused by 

stress-induced fracture of formed SEI layer. Therefore, the good binder 

coverage on silicon nanoparticles of Si-TOCNF 1% and Si-TOCNF 5% 

resulted in the thin stable SEI layer formation.  

 

Table 3.1.2. Coulombic efficiency of Si-TOCNF 0%, Si-TOCNF 1%, Si-

TOCNF 5% and Si-TOCNF 15% during cycling. 

Cycle 

number 

Coulombic efficiency (%) 
Current 

density 

(A g-1) 

Si-

TOCNF 

0% 

Si-

TOCNF 

1% 

Si-

TOCNF 

5% 

Si-

TOCNF 

15% 

1 73.1 71.7 68.9 65.0 0.1 

2 91.1 91.7 91.0 89.5 0.4 

3 94.4 95.9 95.6 95.9 0.4 

4 94.3 96.4 96.4 96.7 0.4 

5 94.5 96.8 96.6 97.2 0.4 
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Table 3.1.3 shows the atomic weight percent of C, O, F, Si and Li of Si-

TOCNF 0%, Si-TOCNF 1% and Si-TOCNF 5% after 500 cycles determined 

by XPS. The relative quantity of fluorine increases and the relative quantity of 

oxygen decreases as the amount of TOCNF increases. It is known that the 

relative quantity of fluorine in the SEI layer increases with FEC addition [48, 

50]. Since FEC is more reactive than EC/DEC, it is reduced first [50]. During 

cycling, FEC is reduced to vinylene carbonate (VC) that readily polymerizes 

to polycarbonate which is a thin stable SEI film [50]. The reduction forms LiF 

as a by-product, which increases the amount of fluorine in the SEI layer [50]. 

Due to the high reactiveness of FEC, the consumption of FEC should be faster 

than EC/DEC during long-term cycling. If the concentration of FEC becomes 

low due to the high consumption level and the continuous SEI layer formation, 

mainly EC/DEC will be reduced, which will keep increasing the quantity of 

non-fluorine-containing components. Therefore, the high relative quantity of 

fluorine and low relative quantity of oxygen may result from less 

decomposition of EC/DEC due to the protective binder layer on the silicon 

surface. In addition, this result implies that Si-TOCNF 5% has better binder 

coverage than Si-TOCNF 1% owing to the higher amount of flexible TOCNF. 

Finally, a comparison table for other binder additives are shown in Table 3.1.4. 

As shown in Table 3.1.4, the researches about binder additives for lithium-ion 

batteries are highly limited and thus, very few researches can be found. 
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Table 3.1.3. Elemental concentration of Si-TOCNF 0%, Si-TOCNF 1% and 

Si-TOCNF 5% electrode surface after 500 cycles at 2 A g-1 determined by XPS. 

Sample C (at%) O (at%) F (at%) Si (at%) Li (at%) 

Si-TOCNF 0% 28.1 33.4 4.4 0.4 33.7 

Si-TOCNF 1% 28.3 30.6 6.0 0.5 34.6 

Si-TOCNF 5% 28.0 29.3 7.7 0.4 34.6 
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Table 3.1.4. Comparison table for other binder additives. 

 

 

 

 

Sample 

Active 

material:conductive 

additive:binder:add

itive (wt%) 

Active 

material 

Binder 

Capacity retention 

with (without) 

additive after 

cycling 

Ref 

Multifunctional 

TOCNF additive 

70:15:14:1 Nano-Si CMC 

96.8 % (43.3 %) 

at 2 A g-1 after 500 

cycles 

This 

wor

k 

Dopamine-

grafted heparin 

80:10:9.7:0.3 

SiOx/ 

graphite 

(7 : 93) 

CMC/ 

SBR 

81.3 % (62.3 %) at 

0.5C (225 mA g-1) 

after 100 cycles 

[53] 

Rosin 85:5:6:4 LTO PVDF 

N/A 

 

161 mAh g-1 (141 

mAh g-1) at 1C (175 

mA g-1) after 110 

cycle 

[54] 
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3.1.4. Conclusion 

This chapter introduced the TOCNF multifunctional additive which 

has functions of enhancing stress distribution capability, mechanical 

properties, binder uniformity and promoting the stable SEI layer formation. It 

can considerably improve the electrochemical performance of silicon anode 

by assisting the very cheap and commercially available CMC binder. TOCNF 

was selected as the multifunctional additive due to its one-dimensional 

morphology and the carboxylic group that strengthens the adhesive capability. 

Only a small amount of TOCNF (~ 1 %) enhanced the stress distribution 

capability and mechanical properties (reduced elastic modulus and hardness). 

TOCNF can act as a reinforcing fiber in the electrode to enhance the stress 

distribution capability and mechanical properties of the binder. Especially, the 

additive significantly improved the binder uniformity by the pre-mixing. The 

uniformly distributed binder protects the silicon nanoparticle surface to 

promote stable SEI layer formation. Consequently, Si-TOCNF 1% delivered a 

reversible specific capacity of 1187 mAh g-1 (96.8 % capacity retention) after 

500 cycles at 2 A g-1, which is better than Si-TOCNF 5% which might be due 

to lower self-healing capability of TOCNF compared to CMC. This 

multifunctional additive addressed several issues at the same time, which 

makes TOCNF is very effective additive to improve the electrochemical 
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performance of silicon anodes.  
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Chapter 4. Conclusion and outlook 

 In this thesis, application of cellulose nanofibers for high-

performance silicon anode materials in lithium-ion batteries has been 

introduced and discussed. Silicon as the most anticipating anode material has 

very high specific capacity (3579 mAh g-1) but it suffers from poor cycling 

stability and rate performance due to its low intrinsic electrical conductivity 

and high volume change during cycling. In order to solve such problems, 

cellulose nanofibers, specifically, TEMPO-oxidized cellulose nanofibers and 

enzymatically hydrolyzed cellulose nanofibers were used. Unlike other 

polymer nanofibers or carbon nanofibers, cellulose can be easily disintegrated 

into individual cellulose nanofibers (~ 3 nm) via TEMPO-mediated oxidation. 

This top-down approach is not cheap due to the high cost of TEMPO catalyst 

but the raw material, cellulose, is very abundant and cheap, which makes it a 

sustainable material. Moreover, considering making other polymer nanofibers 

using electrospinning or self-assembly, this method may be competitive in 

terms of the cost. Considering that cellulose nanofibers are already 

commercialized and readily available in the market, its usability is very high. 

In addition, carboxylic groups in TEMPO-oxidized cellulose nanofibers are 

advantageous to synthesize silicon-cellulose nanofiber composites due to the 

presence of hydrogen bonding. Moreover, cellulose nanofibers are bio-
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degradable. 

In chapter 2 part I, the range of conductive network was concerned. 

In order to decrease the chance of experiencing the contact resistance for 

electrons and also provide high electric contact area, interconnected silicon 

nanoparticles via extensive carbon network were synthesized using TEMPO-

oxidized cellulose nanofibers. Ultrathin TEMPO-oxidized cellulose 

nanofibers (1.55 ± 0.532 nm) interact with the oxide layer of silicon 

nanoparticles to become tightly woven nanostructures. After pyrolysis, 

ultrathin cellulose nanofibers formed the extensively connected carbon 

network. As a result, this lithium-ion battery anode material delivers excellent 

performance with a high reversible discharge capacity (1449 mAh g-1 at 0.4 A 

g-1). It also exhibits excellent rate performance (464 mAh g-1 at 8 A g-1) and 

extremely good cycling stability (72.2 % capacity retention after 500 cycles at 

2 A g-1) with 99.8 % coulombic efficiency, which is much better than Bare-Si 

(178 mAh g-1 at 8 A g-1 and 19.7 % capacity retention after 500 cycles at 2 A 

g-1). I think, these remarkable results are mainly contributed to the carbon 

network derived from ultrathin cellulose nanofibers that provides the efficient 

electron as well as high structural integrity to silicon nanoparticles. 

In chapter 2 Part II, both the range of conductive network and the 

efficient lithium-ion diffusion path were considered. The conventional carbon 
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coating has an isolated conductive network and it interferes with lithium-ion 

diffusion. Textile-like carbon wrapping provides the wide-range conductive 

network and the efficient lithium-ion diffusion path through the void space 

between carbon nanofibers. In order to synthesize that enzymatically 

hydrolyzed cellulose nanofibers were used. Enzymatically hydrolyzed 

cellulose nanofibers are cheap and eco-friendly unlike carbon nanotube or 

other polymer nanofibers. And it has the proper thickness and length to make 

the textile-like carbon wrapping. It entangles silicon nanoparticles to 

interconnect them and to provide an efficient electron path after pyrolysis. 

Furthermore, the void space generated by carbon nanofibers can provide an 

efficient lithium-ion diffusion path as well as the buffer space to accommodate 

the volume change of silicon nanoparticles. The wide-range carbon network 

can suppress the electrical contact loss between silicon nanoparticles during 

cycling. Therefore, unlike the conventional conformal carbon coating, this 

novel wrapping method is suitable for active materials that expand their 

volume during cycling. Consequently, the textile-like carbon-wrapped silicon 

shows much better electrochemical performance than the conventional 

conformal carbon-coated silicon at a similar carbon amount (about 4-5 wt%). 

It exhibits a reversible specific capacity of 680 mAh g-1 at 8.0 A g-1 and of 

1021 mAh g-1 (capacity retention of 94.5 %) at 2.0 A g-1 after 500 cycles. 
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In chapter 2.3 Part III, the results of Part I and Part II were compared 

and discussed. As expected, textile-like carbon wrapping showed the best 

performance since it considered both the electron path and lithium-ion 

diffusion path. However, the rate performance of extensively interconnected 

silicon nanoparticles (Si-cCNF) looks similar to the conformally-carbon 

coated silicon (cc-Si). This was caused by the difference in the carbon amount 

(4.29 wt% in ctex-Si, 5.59 wt% in cc-Si, 7.58 wt% in Si-cCNF). Because 

carbon has a much lower specific capacity, having more carbon could end up 

with low specific capacity. After normalizing the capacity, Si-cCNF exhibited 

the best rate performance except at high current density of 8.0 A g-1 and cc-Si 

showed the worst performance. This is attributed to the widest conductive 

network and higher amount of Si-cCNF. However, its compact structure which 

didn’t consider mass transfer causes a low performance at 8.0 A g-1 than ctex-

Si. For cycling stability, cc-Si showed the worst performance and ctex-Si 

exhibited the best performance. The carbon structure in Si-cCNF can suppress 

the volume expansion of silicon and mitigate the electrical contact loss during 

cycling, resulting in better cycling stability than cc-Si. However, the 

insufficient buffer space caused lower cycling stability than ctex-Si. 

In chapter 3, the multiple factors required in a binder material for 

silicon were addressed simultaneously. A binder material for silicon should 
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have high adhesion strength, good mechanical properties, uniform distribution 

and self-healing properties. Most binder-related researches have been 

considered high adhesion strength, good mechanical properties and self-

healing properties, not the binder distribution. If the binder is poorly 

distributed, loosely contacted silicon nanoparticles can be detached from the 

electrode. By adding a small amount (~ 1 wt%) of TEMPO-oxidized cellulose, 

the performance of CMC was dramatically improved. It enhanced the stress 

distribution capability and mechanical properties (reduced elastic modulus and 

hardness). TOCNF can act as a reinforcing fiber in the electrode to enhance 

the stress distribution capability and mechanical properties of the binder. 

Especially, the additive significantly improved the binder uniformity by the 

pre-mixing. The uniformly distributed binder protects the silicon nanoparticle 

surface to promote stable SEI layer formation. Consequently, Si-TOCNF 1% 

delivered a reversible specific capacity of 1187 mAh g-1 (96.8 % capacity 

retention) after 500 cycles at 2 A g-1, which is better than Si-TOCNF 5% which 

might be due to lower self-healing capability of TOCNF compared to CMC. 

This multifunctional additive addressed several issues at the same time, which 

makes TOCNF is very effective additive to improve the electrochemical 

performance of silicon anodes. In addition, this additive approach is 

advantageous against developing new binder materials because the 

commercially available very cheap binder materials such as CMC can be used. 
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In summary, cellulose nanofibers were used as either carbon sources 

or binder additives. The methodology introduced in this thesis can be applied 

to other anode materials such as tin, germanium, metal oxides and metal 

sulfides, or even cathode materials, too. Moreover, as a sustainable and bio-

degradable material, cellulose nanofibers have great potential. However, the 

silicon-carbon composites introduced in this thesis still have a limitation, 

which is low initial coulombic efficiency (< 80%). As mentioned in the thesis, 

low initial coulombic efficiency of an anode causes large active lithium loss 

in a full-cell during the initial cycle, which requires higher amount of cathode 

materials to compensate it. After the first cycle, the huge active lithium loss 

results in large amount of inactive cathode material, which decreases the 

energy density of the cell significantly. Hence, it is very important to develop 

an anode material with high initial coulombic efficiency (> 95 %). The 

material design in this thesis didn’t consider it much. Especially, it is very hard 

to achieve high initial coulombic efficiency with silicon nanoparticles due to 

its high surface area. In order to achieve high coulombic efficiency, the surface 

area should be small and the electrochemically active surface should not 

induce thick SEI layer formation. Therefore, designing such structure with 

silicon-carbon nanocomposites derived from cellulose nanofibers or cellulose 

nanofiber additive is worth to study to bring them into real life, regarding the 

potential of cellulose nanofibers. 
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국 문 초 록 

현재 리튬 이차전지는 오늘날의 요구에 맞는 성능을 내지 

못하고 있다. 특히, 상용화된 음극재인 흑연은 낮은 용량 (372 mAh-

1)을 지녀 한계점을 지니고 있다. 따라서 기존 흑연 용량 대비 약 9

배 (3579 mAh g-1)의 용량을 가지는 실리콘 음극재에 대한 관심이 

높아지고 있다. 하지만 충, 방전 과정 시 300 % 에 달하는 큰 부피 

변화와 낮은 전기 전도성으로 인해 수명이 짧고 율특성이 좋지 못

한 단점이 존재한다. 이를 해결하기 위해 탄소 물질을 복합하거나 

바인더의 성능을 개선시키는 연구들이 진행되어 왔다. 이 학위 논

문에선 셀룰로오스 나노파이버를 이용하여 실리콘 음극재의 성능

을 향상시키는 방법들이 소개되어 있다. TEMPO 산화된 셀룰로오스 

나노파이버나 효소 가수 분해 셀룰로오스 같은 셀룰로오스 나노파

이버는 자연적으로 풍부하게 존재하는 셀룰로오스로부터 추출되어 

지속 가능한 물질이다. 특히, TEMPO 산화된 셀룰로오스 나노파이

버는 카르복실기가 달려있어 다양하게 이용이 가능하고 3 nm의 두

께를 가질 만큼 아주 잘게 쪼개어져 있다. 효소 가수 분해 셀룰로

오스는 가격이 저렴하며 생산 과정에 독성이 덜한 폐기물이 생겨 

환경 친화적이다. 
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이러한 셀룰로오스 나노 파이버를 사용하여, 첫번째로, 매우 

얇은 (~ 1.5 nm) 셀룰로오스 나노파이버로부터 얻어진 탄소 네트워

크를 통해 광범위하게 연결된 실리콘 나노 입자를 합성하였고 이

를 음극재로써 평가하였다. 충, 방전 중 전자는 반드시 실리콘 나

노 입자 쪽으로 이동해야 한다. 전극은 입자들과 고분자로 이루어

져 있기에 전자가 이동할 때 접촉 저항이 발생하게 된다. 그러한 

확률을 줄이기 위해서는 전도성 네트워크의 범위가 고려되어야 한

다. 하지만 대부분의 연구들은 이에 대해 중점적으로 고려하고 있

지 않다. TEMPO 산화된 셀룰로오스 나노 파이버는 탄소 전구체로

서 아주 광범위한 전도성 네트워크를 구축할 수 있게 해준다. 

TEMPO 산화된 셀룰로오스에 존재하는 카르복실기는 실리콘의 자

연 산화막과 수소 결합을 가능케 하여 실리콘-셀룰로오스 나노 파

이버 복합체 합성을 용이하게 해준다. 그것의 1차원 구조와 아주 

얇은 특성은 탄화 과정 후 매우 광범위하게 연결된 전도성 네트워

크를 형성시키는데 도움을 준다. 이러한 광범위한 네트워크는 효율

적인 전자 이동 경로와 실리콘의 부피 팽창을 억제하여 율특성과 

수명 특성을 크게 개선시켰다. 

두번째로, 약간 더 두꺼운 효소 가수 분해 셀룰로오스를 이
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용하여 직물 구조 같은 탄소 포장을 만들었다. 탄소 코팅은 전기 

전도성을 증가시키기 위해 아주 일반적으로 사용되는 방법이다. 하

지만 고립된 전도성 네트워크를 가져 효율적인 전자 이동 경로를 

제공해주지 못한다. 게다가 탄소 층은 리튬 이온 확산에 방해가 된

다. 직물 구조 같은 탄소 포장을 다공성의 광범위한 구조를 지녀 

효율적인 전자 및 이온 이동 경로를 제공하며 직물 구조 사이 빈 

공간을 통해 실리콘의 부피 변화를 완충할 수 있다. 결과적으로 높

은 율특성과 뛰어난 수명 특성을 보였다. 

마지막으로, 적은 양 (~ 1 wt%)의 TEMPO 산화된 셀룰로오스 

나노파이버를 CMC 바인더에 다기능 첨가제로서 첨가를 하였다. 기

존 바인더 연구는 바인더의 기계적 특성, 접착력 그리고 자가 회복

에 관해 고려를 해왔다. 바인더의 분포도 매우 중요하지만 이에 관

한 연구는 매우 적은 실정이다. 좋은 바인더 물질을 개발하기 위해

서는 이러한 항목들이 모두 고려되어야 한다. TEMPO 산화된 셀룰

로오스는 첨가제로서 접착력, 기계적 특성, 바인더 분산도를 증가

시켰으며 그리고 안정적인 SEI 막 형성에도 도움을 주었다. 게다가 

TEMPO 산화된 셀룰로오스 나노파이버에 존재하는 카르복실기는 

자가 회복력에 도움을 주어 CMC가 빠지는 만큼의 생기는 자가 회
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복력 손해를 어느 정도 메꾸어 준다. 따라서 실리콘 음극재의 수명 

특성이 크게 개선되었다. 

이 학위 논문은 셀룰로오스 나노파이버를 실리콘 음극재에 

어떻게 사용할 수 있는지를 보여준다. 이러한 방법들은 실리콘뿐 

만 아니라 다른 음극재 및 양극재에도 사용될 수 있어 잠재력이 

크다고 생각된다. 

 

주요어: 셀룰로오스 나노파이버, 실리콘, 첨가제, 나노 복합체, 리튬
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