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ABSTRACT OF DISSERTATION 

 

UTILIZATION OF BIO-RENEWABLE LIGNIN IN BUILDING HIGH CAPACITY, 

DURABLE, AND LOW-COST SILICON-BASED NEGATIVE ELECTRODES FOR 

LITHIUM-ION BATTERIES 

 

Silicon-based electrodes are the most promising negative electrodes for the next 
generation high capacity lithium ion batteries (LIB) as silicon provides a theoretical capacity of 

3579 mAh g-1, more than 10 times higher than that of the state-of-the-art graphite negative 

electrodes. However, silicon-based electrodes suffer from poor cycle life due to large volume 

expansion and contraction during lithiation/delithiation. In order to improve the electrochemical 
performance a number of strategies have been employed, such as dispersion of silicon in 

active/inactive matrixes, devising of novel nanostructures, and various coatings for protection. 

Amongst these strategies, silicon-carbon coating based composites are one of the most promising 
because carbon coating is comparatively flexible, easy to obtain, and scalable with various 

industrial processes. 

Low cost and renewable lignin, which constitutes up to 30% dry mass of the organic 
carbon on earth, is widely available from paper and pulp mills which produce lignin in excess of 

50 million tons annually worldwide. It is a natural bio-polymer with high carbon content and 

highly interconnected aromatic network existing as a structural adhesive found in plants. 

Generally burnt for energy on site, lignin is gradually finding its way into high value-added 
products such as precursor for carbon fibers, active material in negative electrodes, and raw 

material for supercapacitors.  

 This dissertation focuses on high performance silicon-based negative electrodes utilizing 
lignin as the carbon precursor for conductive additive, binder, and carbon coating. To my 

knowledge this is one of the first works attempting to utilize and summarize the performance of 

lignin in silicon-based negative electrodes. The first part of the dissertation shows that silicon-
lignin composites treated at 800 ºC displayed good capacity and cycling performance. The second 

part goes to generalize the effect of temperature on silicon-lignin composites and shows that a 

low temperature treatment granted an electrode with superior performance and cycling properties 

owing to the preservation of polymeric properties of lignin. The final part of the dissertation 
discusses the current research trends in SiOx based negative electrodes and extends lignin to that 

field.   

 This dissertation will, hopefully, provide knowledge and insight for fellow researchers 
wishing to utilize lignin or other renewable resources in devising advanced battery electrodes. 
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Chapter 1 Introduction 

 

We live in a world that consumes energy to fuel the luxuries resulting from our technological 

advancements. Fossil fuels, the largest consumed energy source, are not renewable and deemed to 

run out in the future. For this reason, renewable energy resources, such as hydro, wind, and solar 

energy, are important for long term sustainability. One of the characteristics of renewable energy 

resources is often their intermittency, meaning that an efficient, reliable, and cost-effective energy 

storage system is required to store energy at times of peak production to be released at times of 

peak consumption [1]. It is now generally accepted that among electrochemical batteries, the 

lithium-ion battery (LIB) system is the most promising candidate for the storage of renewable 

energy. LIB transforms various energy sources to chemical energy and can deliver this stored 

chemical energy as electrical energy with high conversion efficiency and without gaseous 

emission. Another concern is the global warming due to excessive CO2 emission and imbalance 

of the global ecosystem, partly due to gaseous emissions from transportation vehicles. LIB 

powered electric vehicles (EVs), most of which do not emit gases, therefore are favorited by 

politicians, economic leaders, the scientific community, and major car makers as the inevitable 

next step to alleviate global warming problems. 

 Lithium-ion batteries, first introduced to market in 1991 by Sony [2], are the most 

popular battery technology due to their high gravimetric and volumetric energy, high power 

density, long cycle life, and low self-discharge [3-7]. They are already heavily used in consumer 

electronics such as laptops, mobile phones, medical devices, and electric vehicles (EVs), which 

provides a clean and green alternative to fossil fueled vehicles [5, 8]. However, the most typical 

LIB specific energy of ~200 Wh kg-1 currently means that LIB powered EVs are still not 

comparable to the performance of internal combustion vehicles. The uncompetitive price of $400-
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600/KWh and low cycle life expectancy of 1000 cycles also hinder their large scale deployment 

in grid-scale and renewable energy storage systems [9].  

 The development of new materials and methods to improve LIB capacity and 

performance is critical to the incorporation of this technology at the grid level. Before the 

introduction of some of the recent developments, the fundamental working principles of LIBs are 

introduced. 

1.1 Fundamentals of lithium-ion batteries 

Figure 1 illustrates the basic LIB system that has dominated the market for years. The main cell is 

comprised of a few parts: the carbon (graphite) as the anode, a lithium metal oxide such as 

LiCoO2 as the cathode, separator which physically separates the two electrodes, and the 

electrolyte which allows the movement of lithium ions during charge and discharge. The carbon, 

which is graphite specifically in this case, has a layered structure that allows Li intercalation 

between the layers as shown. The reaction of graphite and Li can be shown as: 

𝐶6 + 𝐿𝑖+ + 𝑒− ⇌ 𝐿𝑖𝐶6 

The cathode LiCoO2, which is a layered structure, can also host Li with the following equation: 

𝐿𝑖𝐶𝑜𝑂2 ⇌
1

2
 𝐿𝑖+ +

1

2
 𝑒− + 𝐿𝑖0.5𝐶𝑜𝑂2 

Because of the lower potential of graphite toward Li (0.1 V vs Li/Li+) compared to that of 

LiCoO2 (3.9 V vs Li/Li+), the graphite is used as the negative electrode during discharge; the 

LiCoO2 used as the positive electrode during discharge. The electrolyte, of which the most 

common is lithium hexafluorophosphate (LiPF6) dissolved in organic carbonate, must transport Li 

ions efficiently. 1) The electrolyte must be chemically stable with the various chemical species in 

https://en.wikipedia.org/wiki/Chemical_equilibrium
https://en.wikipedia.org/wiki/Chemical_equilibrium
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the operation window of the battery, usually from 3.0-4.2 V vs Li/Li+; 2) have a high conductivity 

and low viscosity; 3) and possess the ability to form a stable solid electrolyte interface (SEI) to 

prevent further electrolyte decomposition. During the initial charging process, the organic solvent 

contained in the electrolyte decomposes at the negative electrode and forms an inactive SEI layer, 

which slows further decomposition of the electrolyte in subsequent cycles [10]. On one hand, the 

formation of SEI consumes cyclable Li provided by the cathode, lowering coulombic efficiency 

(CE); on the other hand, the formation of a stable SEI can prevent further physical contact of the 

anode material from the electrolyte, therefore preventing further degradation. The properties of 

SEI and its relevance to battery performance will be discussed throughout the chapters. 

 

Figure 1.1. A schematic representation of the most commonly used LIB based on graphite anode 

and LiCoO2 cathode during the discharge process.  
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The performance of LIBs can be described by several fundamental parameters. Specific 

capacity is defined as the amount of charge that can be stored per unit mass of the electrode 

material: 

𝐶𝑒 =
𝐹 × 𝑧

𝑀 × 3.6
 𝑚𝐴ℎ 𝑔−1 

where Ce is the specific capacity, F is the Faradic constant, z is the amount of charge per mole of 

electrode material, and M is the molar mass of the formula electrode material. The specific 

capacity of the whole battery cell is determined by both the anode and the cathode, therefore the 

specific capacity of the full cell is: 

𝐶𝑐𝑒𝑙𝑙 =
𝐶𝑒(𝑎𝑛𝑜𝑑𝑒) × 𝐶𝑒(𝑐𝑎𝑡ℎ𝑜𝑑𝑒)

𝐶𝑒(𝑎𝑛𝑜𝑑𝑒) + 𝐶𝑒(𝑐𝑎𝑡ℎ𝑜𝑑𝑒)
 

It should be noted that in full cells, any additional mass besides the anode and cathode decreases 

the overall capacity.  

Coulombic efficiency (CE) is another important factor in determining the cycling 

performance of LIBs, which is defined as the ratio of delithiation capacity to lithiation capacity in 

the same cycle [11]. High coulombic efficiency is important during extended cycling of LIBs, 

because even a 0.1% loss in CE (99.9%) leads to a 10% loss in capacity over 100 cycles, while a 

1% loss in CE (99%) can result in nearly 64% loss over the same number of cycles.  

All components of the LIB are essential for the overall performance, e.g., the anode and 

cathode decide theoretical capacities of the battery, separators are crucial safety features, and 

electrolyte along with additives type can determine the cycling performance of the cell. 

Therefore, extensive research has been carried out in all the LIB areas. Anode has been one of the 

hottest areas of research because elements with much higher theoretical capacity such as Si (3579 

mAh g-1) can potentially replace graphite (theoretical capacity of 372 mAh g-1), while on the 
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cathode side no such material with dramatic increase in theoretical capacity was proposed. In the 

following section, common anode materials for LIBs, especially Si and SiOx, is introduced in 

detail. 

1.2 Anode materials of LIBs 

Alternative anode materials are required in LIBs because the direct use of Li metal forms 

dendrites which can cause short circuiting, start a thermal runaway, and cause the battery to catch 

fire [12]. Although this can also occur in LIBs with other anodes such as graphite or Si, the 

problem is more prominent in Li metal LIBs due to the easy formation of dendrites. Recently, 

there is a resurgence to use Li metal directly as the anode material because the development of 

investigative tools and new nanotechnology-based concepts, which is reviewed in [13]. However, 

because Li metal based LIB chemistries such as Li-S and Li-Air are still in its infancy, only 

alternative electrode materials which can host Li is discussed further in detail. 

1.2.1 Graphitic and hard carbons 

The carbon based anode materials have enabled commercial LIBs for more than 20 years, and are 

the most dominant anode materials today [7]. The 2D graphene planes in graphite allow Li 

intercalation, mechanical stability, good electronic conductivity of 2-3x105 S cm-1 along the basal 

plane, and Li+ transport [14]. Furthermore, many forms of carbons are inexpensive, are widely 

available, have low delithiation potential, and undergo relatively low volume change during 

lithiation/delithiation (10%) [15]. The theoretical gravimetric capacity of carbon is 372 mAh g-1, 

higher than most cathode materials, which ranges from 120-200 mAh g-1 [12]. 

 Commercial carbon materials can be divided into two classes. Graphitic carbons have 

large graphitic grains and can achieve close to theoretic capacity. However, graphitic carbons do 
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not pair well with propylene carbonate (PC) electrolyte, which is preferred due to its low melting 

point of -49 °C and high ionic conductivity of 69 mS cm-1 [10]. PC intercalates between the 

graphitic planes, causing the graphite to exfoliate and lose capacity [16]. Because the inability to 

work under PC electrolyte conditions which facilitate fast Li ion transport, one of the 

disadvantages of graphitic carbons is thus moderate performance at high rates. Hard carbons have 

small graphitic grains with disordered orientation, and are much less likely to be exfoliated. 

Nano-voids and defects exist between the grains, resulting in measured capacities exceeding the 

theoretical 372 mAh g-1 [12]. Combined with the possibility of pairing with PC as the electrolyte, 

hard carbons yield high capacity, high-rate-performing electrodes. However, the high fraction of 

non-uniform edge planes increase quantity of SEI formed, resulting in low coulombic efficiency 

and consumption of Li provided by the cathode. Currently hard carbon anodes with high capacity 

of 400 mAh g-1 could be realized although with a low first cycle coulombic efficiency of 87%.  

 Due to the stable performance, low cost, and wide availability of carbons, it can be 

foreseen that in the near future carbon would still be the primary commercial anode material, or 

the major component of a composite anode material (with high capacity anode material such as Si 

or SiOx).  

1.2.2 Lithium titanium oxide (Li4Ti5O12/LTO)   

Lithium titanium oxide (Li4Ti5O12, or LTO) has also been successfully commercialized because 

of its combination of thermal stability [17], high tolerance, relative high volumetric capacity, and 

high cycle life [18]. LTO features a low-strain intercalation mechanism where the phase change 

caused by lithiation/delithiation results in only 0.2% change in volume [19], which results in good 

cyclability.  



 

7 

 

 

 The equilibrium potential of LTO is high (1.55 V vs Li/Li+) compared to graphite (0.1 V 

vs Li/Li+), which affects its electrochemical performance. First, this high potential large avoids 

the formation and growth of an anode SEI, which usually occurs at potentials <1 V vs. Li/Li+. 

Because SEI formation does not occur, LTO nanoparticles can be used similar to the usage of 

intercalation cathode material without the need of coating protection, leading to superior rate 

performance [20]. Secondly, because of the high potential 1.55 V vs. Li/Li+, LTO is safe because 

Li dendrites does not form at this high potential.  

 The drawbacks of the LTO electrode compared to carbon are the high cost of Ti, the 

reduced cell voltage, and lower theoretical capacity (175 mAh g-1) compared to carbon-based 

electrodes [12]. Additionally, poor electronic conductivity (10-13 S cm-1) of Li4Ti5O12 limits its 

high rate performance. 

1.2.3 Alloying materials anodes 

An alloy is a mixture of chemical elements, which is formed by mixing two or more elements, at 

least one of which is a metal. Alloying anodes here refer to elements which electrochemically 

alloy and form compound phases with Li, such as Sn [21], Ge [22, 23], Ga [24], and Si [25]. Due 

to the properties of the elements, they feature low reaction potential vs. Li/Li+, usually below 1 V. 

Alloying materials can have high volumetric and specific Li storage capacity, as summarized in 

Table 1.1, but with large volume change from 200-300% during lithiation/delithiation. For 

anodes, this is disastrous because the large volume expansion can lead to: 1) physical and 

electrical disconnection between electrode materials, leading to capacity decrease; 2) increased 

cell capacitance; and 3) unstable SEI layer that leads to the continuous consumption of cyclable 

Li and electrolyte decomposition. Thus, alloy-type anodes generally suffer from short cycle life 

due to the loss of active material and increasing cell impedance [12].  
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To address the large volume expansion of alloy materials and unstable SEI, a number of 

strategies have been proposed. Forming composites with a carbon matrix is preferred because it 

provides mechanical stability, and an electron transport path, while maintaining Li diffusion path 

[26-28]. The carbon coating can stabilize SEI growth and maintain integrity of the whole 

electrode. Electrolyte additives can also minimize the loss of Li by forming more stable SEI 

layers [29, 30]. Newly developed binders may help to increase the utilization of active anode 

material and enhance cyclability by weak bond interactions between the binder chemical moieties 

and alloy element surface groups [31-33]. 

Table 1.1. Specific, volumetric capacities for some elements, and their volume expansions. 

Material 

Specific 

capacity 

(mAh g-1) 

Volumetric 

capacity (mAh 

mL-1) 

Volume expansion Ref 

C 372 781 10%  [15] 

Sn 993 7249 255%  [21, 34, 35] 

Al 993 2681 200% [35, 36] 

Ge 1620 7366 240%  [34, 35, 37] 

Si 3579 8339 300%  [34, 38] 

 

1.2.4 Si and SiOx anode materials 

Of all alloy materials, Si has received the most attention not only because of its high specific and 

volumetric capacities as shown in Table 1.1, but also its relatively low delithiation potential, 

abundance, low cost, and biological inertness. However, as discussed, the large volume expansion 
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of Si during lithiation/delithiation results in quick capacity fade during cycling, of which a 

mechanism can be shown as in Figure 1.2. The enlarged volume of the anode upon lithiation 

results in the covering of Si with a high surface area layer of SEI, which collapses, disjoints, and 

folds upon volume contraction associated with delithiation. On the start of a new circle, fresh Si is 

exposed to the electrolyte and new SEI is created. As the result, Li and electrolyte are 

continuously consumed, and rapid fading of capacity is observed, which results in capacity values 

<500 mAh g-1 after just four cycles for a Si electrode using PVDF as binder [39]. Some of the 

approaches to deal with the volume expansion includes compositing with carbon matrixes, 

development of more compatible binders, and electrolyte additives. In addition to these 

approaches, various nanostructuring methods to reduce effect of volume changes were also 

heavily researched, which can be summarized into a few categories [40]: 1) 0D Si, that is, 

nanoparticles. Si nanoparticles (<140 nm) are less susceptible to effects of fracturing, 

pulverization, and disconnection compared to Si microparticles because of their small size. Some 

0D Si nanostructures includes porous Si nanoparticles [41], Si-C core-shell nanostructures [42], 

silicon-graphene composite [43], and silicon-carbon nanotube composite [44]; 2) 1D Si, that is, Si 

nanotubes [45] and Si nanowires prepared by vapor-liquid-solid growth [46]. The long aspect 

ratio of these materials means shorter diffusion length for Li and better resistance to cracking and 

breaking; 3) 2D Si thin films [47]. Si thin films are attractive because they can be synthesized in 

large batches by common industrial synthesis methods such as physical vapor deposition (PVD) 

or chemical vapor deposition (CVD), and is superior in performance to that of Si microparticles. 

 

Figure 1.2. A solid silicon nanowire expands upon lithiation. A thin layer of SEI forms in this 

lithiated and expanded state. During delithiation, the silicon structures shrink, and the SEI can 
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break down into separate pieces, exposing fresh silicon surface to the electrolyte. In later cycles, 

new SEI continues to form on the newly exposed silicon surfaces, and this finally results in a very 
thick SEI layer on the outside of the silicon nanowires. Reproduced with permission [45]. 

Copyright 2012, Nature Publishing Group. 

 

SiOx-based anodes are a class of electrodes with many similarities to Si electrodes. In 

amorphous SiOx, Si and O exist in clusters of Si and SiO2 while surrounded by a variety of sub-

oxide type tetrahedral coordinates at interface regions [48]. This means that in SiOx, many types 

of Si-Si and Si-O bonds exist and Si exists in many valence states, such as Si0, Si2+, Si3+, and Si4+. 

The reversible Li host in SiOx-based anodes is still Si, so the same lithiation/delithiation process 

happens between Li and Si. However, Li also reacts with SiO2 irreversibly to create Li oxides and 

Li silicates, which usually do not react with Li, nor can the Li be retracted from them [49]. As the 

result, SiOx-based anodes suffer from low initial coulombic efficiency (ICE). As the trade-off for 

the low ICE of 70-90%, SiOx-based anodes can show amazing cycling performance of >90% 

retention after 400 cycles, which is superior compared to Si because the Li oxides and Li silicates 

act as inactive matrix to accommodate the volume changes and prevent Si from direct contact 

with electrolyte [50-52]. 

In today’s state-of-the art LIBs, both Si and SiOx have been added in small quantities to 

graphite to boost the specific capacity of the anode, with a weight ratio of typically less than 

<10%. One such product is a SiO/graphite composite from BTR China with capacity of 600-650 

mAh g-1 [53]. At this weight composite range, the battery system can still use most of the 

components from a conventional graphite anode LIB with good performance. At higher weight 

composition ranges, the volume changes of Si and SiOx begin to take over the properties of 

graphite and conventional components can no longer be used effectively. Therefore, it is of great 

interest to us to enable Si or SiOx-based anodes by a simple and effective carbon compositing 

technique, which is the focus of this dissertation research.  
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1.3 Binders for Si and SiOx anode 

 

Si electrodes works poorly with traditional poly(vinylidene fluoride) (PVDF) binders, as a result a 

number of binders has been evaluated for Si electrodes, including sodium carboxymethyl 

cellulose (NaCMC) [39], polyacrylic acid (PAA) [33], polyimide imide [54], and alginate [31]. 

Alginate, a major constituent of brown algae, enables better cycling of Si electrodes by 1) 

inducing only weak interactions between the binder and the electrolyte; 2) providing access of Li+ 

to the Si surface; 3) assisting in building a deformable and stable SEI layer on the Si surface. 

Overall significant electrochemical cycling performance was observed by the development of the 

binders. For SiOx electrodes they were also applied, for example CMC [55, 56], PAA [51, 57], 

polyimide imide [58, 59], and alginate [60]. PVDF is still used in some SiOx electrode works, 

such as [52, 61, 62]. Guerfi et al. [63] studied the effect of three types of binders, PVDF, CMC-

based water dispersed binder (WDB), and polyimide on SiOx/C or SiOx/C-graphite (1:1 w:w) 

composite electrode electrochemical performance. The average size of the SiOx particles was 7 

µm. The highest 1st cycle reversible capacity was found in cells containing polyimide (1026 mAh 

g-1), followed by WDB (817 mAh g-1) and then PVDF (472 mAh g-1). The cell with WDB had the 

highest 1st cycle CE, followed by polyimide and then PVDF. Through cross section in situ SEM, 

obvious disintegration of SiOx particles and cracks due to cycling was observed for both 

electrodes. The authors confirm that there is difference in electrochemical performance when 

different binders were used with SiOx, however a limited number of cycles and fixed SiOx size 

was reported in the study. Komaba et al. [64] studied the effect of PAA, CMCNa, poly(vinyl 

alcohol) PVA, and PVDF binder on SiOx cycling with a larger number of cycles. PAA binder 

showed the best performance as the reversible capacity reached 700-750 mAh g-1 for 50 cycles at 

a rate of 100 mA g-1. SiOx particles with the three other binders lost almost all of its capacity after 
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50 cycles. Through synergized analysis of XRD, electron microscopy, XPS, IR, and adhesive 

strength test, the authors attributed the good results to amorphous PAA being not only able to 

tightly bind, but also cover individual SiOx particles. Additionally, PAA binder had a suppressing 

effect on electrode deformation compared to the PVDF binder. In 2013 Feng et al. [65] also 

studied alginate, CMC, and PAA binder performance with SiOx/C or SiOx  electrodes and 

confirmed their beneficial effect in enhancing capacity retention due to their amorphous structure 

and high adhesion strength related to ester-like bonds. The best performance was seen when 

SiOx/C electrode was combined with alginate or CMC binder.  

 Another non-conventional binder worth mentioning is functional conductive polymer 

binder poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM) [66]. The polar 

ester functional group, which is designed for the adhesion with the SiO2 surface, is especially 

suitable for SiO electrode material because it forms chemical bonding with the hydroxide 

terminated SiO2 surface on via a trans-esterification reaction. Thus, the highly conductive 

polymer binder solves both the problem of low conductivity of SiOx material and disconnection 

between active material and binder due to excessive volume change. As a result, reversible 

capacity of 1000 mAh g-1
 for over 400 cycles with a 2% to 10% PFM was realized in the half cell. 

By using the conductive polymer binder PFM, the loading of active material SiOx in the anode 

could be up to 98%, which realized capacities ~3 times higher than graphite in half cell. With 

addition of SLMP prelithiation Li powder, a SiOx/NMC full cell was able to maintain a reversible 

capacity of ~110 mAh g-1 after more than 100 cycles at C/3, highlighting excellent properties of 

the binder.  

Previously, polyacrylonitrile, PAN, has been used to composite with Si to form Si-C composites, 

retaining ~1500 mAh g-1 after 150 cycles, giving ~57.6% capacity retention [67]. One of the 

disadvantages to Si-PAN composite is its low capacity retention of 57.6% over 150 cycles. 
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Another is that PAN is produced from propene, which is extracted from non-renewable fossil 

fuels and is also expensive [68, 69]. In the search for a renewable carbon precursor with desirable 

chemical properties for forming a conductive matrix, lignin appeared as a potentially suitable 

candidate, and an overview of its properties and applications are discussed below. 

1.4 Overview of lignin and its applications 

1.4.1 Basics of lignin 

Lignin is second only to cellulose as the most abundant renewable resource [70], and represents 

~30% of all the non-fossil organic carbon on Earth [71]. In wood, the lignin weight percent is 20-

25%, and 3-25% in other lignin sources such as cereal straws, bamboo, and bagasse. Lignin is the 

structural biopolymer that holds cellulose and hemicellulose together in plant species via covalent 

linkages. Therefore, it acts as a natural binder in plant species holding various elements together 

into a robust mechanical structure. Although many chemical aspects of lignin are still unclear 

today due to its complexity, it can be generally described as an amorphous and random polymer. 

Phenylpropane units constitute the main backbone of lignin, which is randomly cross-linked by a 

variety of different chemical bonds. Representation of a lignin polymer as predicted from NMR-

based lignin analysis is shown in Figure 1.3. To summarize, lignin has the following 

characteristics: (1) basics of phenylpropylene units, (2) no repeating structure, and (3) 

amorphous, random polymer. 
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Figure 1.3. Representation of a lignin polymer from poplar, as predicted from NMR-based lignin 

analysis. Reproduced with permission [72]. Copyright 2013, American Society of Plant 
Biologists. 

 

Available commercial lignins are side products of paper and pulp mills, where lignin is 

separated from cellulose, which can be made into paper. The worldwide low-purity lignin 

production in 2010 is estimated to be 50 million tons, but only 2% of that material was 

commercially used to make low value products such as dispersing or binding agents; the rest was 

burned as low-value fuel on-site [71]. Depending on the separation process, four main types of 

lignins are commonly available: 1) Kraft lignin, 2) lignosulfonate, 3) soda lignin, and 4) 

organosolv lignin. Kraft lignin is produced in the sulphate (Kraft) cooking process, where around 

90-95% of the lignin contained in the wood is dissolved in the aqueous solution of sodium 

hydroxide and sodium sulfide. Kraft lignin contains several characteristics: 1) it contains an 

increased amount of phenolic hydroxyl groups [73]; 2) oxidative conditions during delignification 

can cause formation of quinone and catechol structures as well as increase the amount of carboxyl 

groups; 3) the molecular weight of Kraft lignin varies within range of 200 to 200,000 g/mol [74]. 

Soda lignins originates from soda or soda-anthraquinone pulping processes. The main difference 

in comparison to the Kraft process is the sulfur-free medium of the cooking liquor. 

Lignosulfonates are water-soluble polyelectrolytes that contain many charged groups, such as 
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phenolic hydroxyl groups, carboxylic groups, and sulphur containing groups as a result of 

sulphite cooking, in which the delignification was performed by means of HSO3
- and SO3

2- ions. 

Due to these groups lignosulfonates are comparatively dissolvable in water, enabling water-based 

application or preparation [75]. The production of lignosulfonates has been commercialized by 

main companies, of which the main producer is Borregard LignoTech with a capacity of about 

500,000 tons [73]. In the organosolv lignin production process, a mixture of organic 

solvent/solvents and water is used as a cooking medium. The properties of organosolv lignins 

differ from other technical lignins. The major features are low molecular weight, high chemical 

purity, and poor solubility in water. Because of the complicated processes very small amounts of 

organosolv lignins are produced commercially.  

1.4.2 Advanced applications of lignin 

The current largest application of lignin is to directly burn it to generate energy, which accounts 

for 95% of the total lignin market [76]. Lignin is used as a replacement material for relatively low 

value chemicals or materials, such as additives for concrete mixtures, dust control, feed, food 

additives, and dispersants, accounting for 65% of the remaining 5% [76, 77].  

 Besides conversion into fuel and chemicals, lignin is promising in materials applications. 

One such platform is the global development of energy-efficient light weight vehicles. A body-in-

white design-based model has demonstrated that 40-50% of the structural steel in a vehicle could 

be replaced with low weight carbon fiber composite materials [78]. However, to realize this goal, 

low-cost manufacturing of carbon fibers are required, but commercial carbon fibers derived from 

polyacrylonitrile (PAN) or pitch are too expensive for such type of large scale applications. 

Lignin, derived from biorefineries and pulp industry, could be an ideal substitute for PAN or 

pitch as carbon fiber precursor. Currently the production of carbon fibers from lignin has been 

demonstrated by a number of groups [68, 79-86]. Although huge advances were made in this 



 

16 

 

 

field, lignin-derived carbon fibers still suffer from poor mechanical properties compared with 

PAN or pitch derived counterparts. The disordered internal structures of carbon fibers from lignin 

are thought to be related to the amorphous and random structure of lignin. In order for lignin-

derived carbon fibers to be competitive, new chemical modifications and/or innovative 

biosynthesis strategies are required [86, 87].  

 Lignin has also seen applications in energy-related fields. In 2012 Milczarek et al. [75] 

synthesized lignosulfonate/polypyrrole composite polymer films in aqueous environment. The 

oxidation of phenyl rings in lignosulfonate formed reversible quinone/hydroquinone redox 

groups, which provides a capacity of 496 mAh g-1 in electrons. The low conductivity of 

lignosulfonate was overcome by the high electronic conductivity of conductive polymer 

polypyrrole, which can also store charge reversibly. Further advances were made of this 

electrochemical system, although the requirement of aqueous solution environment reduced a lot 

of its practicality [88-90]. Lignin was also utilized as active anode material for LIBs [91-93] with 

capacities >360 mAh g-1. Although the use of lignin as anode material precursor is attractive, its 

prices was not attractive compared to cheap commercial graphite. Compared as an active anode 

material for LIBs, lignin is more suitable as the precursor for porous carbons in supercapacitors 

and sodium ion batteries because it is a hard carbon precursor. Hard carbon refers to a type of 

non-graphitizable carbon produced by the pyrolysis of precursors such as organic polymers or 

hydrocarbons at T<1500 °C. The hard carbon structure is characterized by the ordering of most of 

the carbon atoms in the planar hexagonal networks but lack of long range order in the c direction 

[94]. Hard carbons cannot be graphitized even at high temperatures up to 3000 °C due to this lack 

of stack ordering. Because of this lack of long range order in the c direction, hard carbons can not 

only intercalate Li, but larger Na ions into its graphene layers, allowing it to perform well as a 

potential anode material for Na ion batteries [94-98]. Because of the lack of ordering between 

graphene layers in hard carbon, improved transport and rate capabilities were observed, therefore 
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lignin-derived carbons were also utilized as supercapacitor or ion capacitor electrode materials 

[99-102].  

1.4.3 Combination of Si and SiOx-based anode and lignin 

Lignin is a candidate structural material in electrodes due to the reasons described below. 

 Firstly, Si and SiOx suffer from large volume changes during lithiation and delithiation. A 

matrix that is highly conductive, flexible, and resistant to volume changes, is highly desired. The 

pyrolysis of lignin is a complex process where various volatile compounds and a solid residue are 

obtained after heat treatment [103, 104]. The major gaseous products are methanol, 

formaldehyde, acetic acid, light hydrocarbons, CO, CO2, and H2O. The solid residue consists of 

polycyclic aromatic hydrocarbons at intermediate temperatures from 150-550 °C and is 

increasingly devoid of hydrogen and oxygen at higher temperatures. The pyrolysis of lignin is 

also accompanied by mass loss, and the typical char yield is 40~50% at 600 °C, depending on the 

heating protocol and lignin type [68]. After heat treatment, lignin leaves behind a well 

interconnected carbon matrix because lignin is highly cross-linked. This well interconnected 

carbon matrix should be ideal in hosting Si and SiOx particles because better connectivity of Si 

and SiOx particles could be realized by this interconnected matrix, as compared to carbon matrix 

formed by pyrolysis of more linear precursors such as polyacrylonitrile. As a natural binder in 

plants, lignin is also expected to maintain some of its binder properties at a temperature of 500-

600 °C. Furthermore, the heating of organic polymers such as lignin would eventually lead to 

electronic conductivity, allowing for the omission of additional conductive additives. Therefore, 

the compositing of heat treated lignin and Si can form Si-C composite electrodes with good 

electronic conductivity and mechanical robustness without the use of additional binders and 

conductive additive. These properties encouraged me to study Si-C composite electrodes made 

from lignin. 
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 Secondly, as briefly mentioned above, lignin is under-valorized as an abundant product, 

as ~95% is directly burnt onsite as fuel. As a renewable source, available in the capacities of 50 

million tons per year, it is very rewarding to find applications with high added value. The prices 

of lignin is also cheap ($150-250/ton, Alibaba) compared to conventional binder such as 

polyvinylidene ($11600/ton, Alibaba). The use of lignin in synthesizing binder-free Si-C 

composites can potentially lower the cost of the anode. 

1.5 Structure of dissertation 

This dissertation is divided into 6 chapters. Chapter 2 describes the performance of a binder-free 

Si-lignin electrode synthesized at high temperature of 800 °C. Chapter 3 describes the 

performance of a more generalized model of Si-lignin electrode and shows that the performance 

could be enhanced with lower heat treatment at 600 °C. Chapter 4 studies the performance of 

SiOx particles composited with heat treated lignin and possible reasons for the excellent cycling 

performance. Chapter 5 is dedicated to the literature research of SiOx-based anodes in LIBs, 

because of the importance of SiOx in development of next generation high capacity LIBs, and 

because no such comprehensive review was published previously. 
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Chapter 2 Binder-free Lithium Ion Battery Electrodes Made of Silicon and Pyrolized 

Lignin 

 

Most of the contents of this chapter is reproduced from the paper published as ref [26], “Chen, T.; 

Zhang, Q.; Xu, J.; Pan, J.; Cheng, Y.-T., Binder-free lithium ion battery electrodes made of 

silicon and pyrolized lignin. RSC Adv 2016, 6 (35), 29308-29313.” 

 

2.1 Introduction 

In this chapter, a binder-free negative electrode for lithium ion battery consisted of 

renewable biopolymer lignin and nano-sized silicon nanoparticles is demonstrated. By mixing, 

coating, and subsequent pyrolization, 3-dimensional, interconnected composite films of Si/C 

directly on the copper current collector was synthesized, allowing for the assembly of coin-cells 

without the need of polymer binder and conductive carbon. It was found that carbon from 

pyrolized lignin can provide conductive pathways for electrons and protect silicon nanoparticles 

from extensive SEI formation by forming a core-shell foam-like 3D network, while bonding the 

composite film securely onto the Cu current collector. As a result, excellent electrochemical 

performance was observed with a high specific capacity of 1557 mAh g-1, 89.3% capacity 

retention over 100 cycles, and good rate performance. A beneficial effect of 0.5% polyethylene 

oxide (PEO) on the morphology and electrochemical behavior of Si/C composite electrodes was 

also unveiled.  

2.2 Experimental 
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2.2.1 Fabrication of Si-pLig binder-free electrode 

Hardwood Kraft lignin (Lig) was obtained from Mead Westvaco. Kraft lignin was first mixed 

with 0.5 wt% polyethylene oxide (PEO, 1x106 MW, Sigma Aldrich) by spatula, then the powder 

mixture was dissolved in dimethylformamide (DMF, Sigma Aldrich) with a weight ratio of 15%. 

The solution was heated to 60 °C under constant magnetic stirring for 2 h. Afterwards, silicon 

nanoparticles were added to the solution with a weight ratio of 15% to DMF. The solution was 

magnetically stirred for 6 h at 60 °C while going through sonication for 5 min, every 2 h. A 

Mazerustar KK-250 planetary mixer was also used every 2 h to ensure adequate mixing. The 

solution was stirred and heated until reaching a suitable viscosity for slurry coating onto copper 

foil by a doctor blade with a thickness of 127 µm.  After drying in air, the coated copper foil was 

dried under vacuum at 120 °C overnight (silicon nanoparticle-lignin composite prior to 

pyrolization is denoted as Si-Lig) to obtain a uniform Si-Lig film.  

The dried Si-Lig on copper foil was pyrolized in a tube furnace with argon atmosphere at 

a step rate of 2 °C /min up to 800 °C, then held for 2 h (pyrolized Si-Lig is denoted as Si-pLig) 

and then naturally cooled down. For making electrodes, 10 mm disks were cut and stored to be 

assembled into coin cells, with an average silicon mass loading of 1.4 mg cm-2 (post-pyrolization 

mass). 

For comparison, silicon negative electrode using polyvinylidene fluoride (PVDF, Alfa 

Aesar) as the binder was prepared using conventional slurry coating method. The mass ratio of 

silicon, carbon additive (Super C65, Timcal), and respective binder was 3:1:1. PVDF was first 

dissolved in N-Methyl-2-pyrrolidone (99.5%, Alfa Aesar) solvent, then silicon nanoparticles and 

carbon black were mixed in the PVDF solution until a uniform slurry with reasonable viscosity 

was obtained. Finally, the slurry was coated onto copper foil by a doctor blade with a thickness of 

127 µm. 
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2.2.2 Characterization 

Scanning electron microscopy (SEM) was performed using a Hitachi S-4300 microscope with a 

15 kV voltage in the imaging mode. The structure and morphology of the Si-pLig composite 

electrode were examined with a JEOL 2010F transmission electron microscope (TEM). The 

amount of Si in the Si-pLig composite was determined by thermal gravimetric analysis (TGA) 

(TA Q500 in high-resolution dynamic mode) in the air. The samples were heated to 800 °C at a 

constant rate of 10 °C/min. 

2.2.3 Electrochemical measurement 

 

For electrochemical performance of Si-pLig/Si-PVDF-Super C65 on copper current collectors, 

coin cells (CR2025 type) were assembled in an argon filled glove box, using Li metal foil as the 

counter/reference electrode, Celgard 3501 membrane as the separator, and 1M LiPF6 in ethylene 

carbonate and diethyl carbonate (EC: DEC=1:1 vol%, BASF) with 10 wt% fluoroethylene 

carbonate (FEC) additive as the electrolyte. Electrochemical tests were performed using a Bio-

Logic potentiostat (VMP-3) at room temperature. All specific capacities presented were 

calculated based on the weight of Si in the composite. TGA analysis was used to determine the 

weight percent of Si in the Si/C composite. 

2.3 Results and discussions 

The concept of Si nanoparticle/pyrolized lignin composite (Si-pLig) is shown in Figure 2.1(a). A 

by-product of paper and pulp industry, lignin commonly from tree wood is commercially 

available as fine powder. Prior to pyrolization, Si nanoparticles are uniformly dispersed and 

coated with the heavily cross-linked lignin while lignin also formed a 3D matrix surrounding the 

Si nanoparticles. 
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Figure 2.1. (a) Schematic illustration of Si nanoparticle-pyrolized lignin composite (Si-pLig). (b) 

SEM image of Si-pLig with PEO. Scale bar, 5 µm. (c) SEM image of Si-pLig with PEO at lower 
magnifications, scale bar 1 µm. 



 

23 

 

 

 

 Upon pyrolization in an inert gas atmosphere, lignin is carbonized leaving behind a 

porous carbon network with graphitic and non-graphitic domains of high electronic conductivity 

surrounding Si nanoparticles [105]. Figure 1(b) shows a scanning electron microscopy (SEM) 

image of the Si-pLig composite, with coated Si nanoparticles mostly in the size range of 110-170 

nm diameter connected by the carbon network derived from pyrolized lignin. Kubo and Kadla 

found that the addition of up to 1% PEO to lignin blends greatly increased the thermal mobility 

and spinnability while decreasing the rigidity of lignin during either thermal extrusion or 

electrospinning [106, 107]. In my case, there is also a marked difference between Si-Lignin 

composites with and without 0.5% PEO, as shown in Figure 2.1(c) and Figure 2.2, respectively. 

Si-pLig with PEO appeared as uniform foam-like 3D network with voids, while without PEO Si 

nanoparticles were embedded in a rigid carbon matrix. Large fibers/spheres observed on the 

surface layer was identified to be carbon fibers/spheres from pyrolized lignin, likely because the 

surface conditions during DMF evaporation were similar to that in electrospinning from 

lignin/DMF solution which resulted in the formation of sphere/bead/fiber morphology [69]. The 

morphological difference between the samples was also reflected in the electrochemical 

performance as shown later in this report. The Si-pLig composite electrode also showed excellent 

adhesion to Cu substrate even after 120 cycles, as shown from the cross-section SEM image in 

Figure 2.3.   
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Figure 2.2. SEM image of Si-pLig without PEO addition. 

 

Figure 2.3. Cross-section SEM image of Si-pLig with PEO after 120 cycles.  

 

Transmission electron microscopy (TEM) images shown in Figure 2.4(a) support the 

hypothesis that Si nanoparticles were not only interconnected but also encapsulated by pyrolized 

lignin. A core-shell structure with 120 nm diameter Si nanoparticle and amorphous graphite 

coating of about 20 nm thickness were observed. Yolk-shell Si-pLig particles were also observed 

throughout the composite film as shown in Figure 2.4(b). The observed yolk-shell particle 

formation in the composite may be explained by the fact that pyrolization char yield of hardwood 
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Kraft lignin is typically 50% leading to substantial lignin network volume reduction and 

contraction [68].  It has been shown that the yolk-shell structure could greatly enhance capacity 

retention in Si-based lithium ion battery electrodes because it could better accommodate volume 

changes during lithiation and de-lithiation [104]. The composite core-shell structure was further 

confirmed in Figure 2.4(c), where on the top right side an amorphous graphite layer of ~20 nm 

thickness was observed, and on the bottom left side crystalline silicon was identified with a 

crystal lattice of 0.313 nm [(111) face] [108]. 

 

Figure 2.4 TEM images of as synthesized SiNP/pyrolized lignin composite (Si-pLig). (a) High 
magnification TEM. (b) Lower magnification TEM image of a bundle of Si nanoparticles. (c) 
Detailed TEM image of a Si nanoparticle coated by amorphous carbon. The crystal lattice 0.313 
nm of Si (111) face is marked in the TEM image. 

 

Thermogravimetric analysis (TGA) was performed to determine the weight percent of Si 

in the Si-pLig composite, shown in Figure 2.5(a). The initial monotonic mass decrease in the 

range of 400-600 °C was mainly due to oxidation of lignin and the mass increase after 600 °C due 

to oxidation of silicon in air, similar to previous reports [109, 110]. For a starting Si/lignin 

composite with Si nanoparticle weight composition of 50%, the resulting Si/SiOx wt% after 

pyrolysis was 54.7%. This was lower than the expected 66.7%, which is reasonable due to 

possibly incomplete pyrolization of lignin and the formation of thin SiOx layer at Si surface. In 

this report 50 wt% initial Si nanoparticles was chosen based on optimal results from previous 

publication, which also have shown that various Si/C ratios could be achieved by varying starting 
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conditions, resulting in different specific capacities [109]. This is one of the interesting areas I 

would like to study further in the future in order to optimize the performance of Si-pLig 

composite electrode. 

The structure of the Si-pLig composite was analyzed by X-ray diffraction (XRD) and 

shown in Figure 2.5(b). A broad peak between 15 ° and 25 ° can be attributed to amorphous 

carbon obtained from pyrolized lignin and possibly SiO2 amorphous peak upon comparison 

(JCPDS card number 29-0085). This shows that under a low temperature of 800 °C lignin was 

pyrolized primarily into an amorphous or hard carbon form [111]. It can also be seen that silicon 

nanoparticles retained their crystallinity in the composite by comparison with crystalline silicon 

diffraction pattern (i.e., JCPDS #27-1402).  

 

Figure 2.5. (a) XRD diffraction pattern of Si-pLig composite compared with standard silicon 

crystal XRD pattern. (b) Thermogravimetric analysis (TGA) result of the composite with 50 wt% 

starting silicon nanoparticle prior to pyrolysis. 

 

Figure 2.6(a) shows the potential profile of the first 4 cycles of Si-pLig at a rate of 0.54 A 

g-1. The initial charge (lithiation) and discharge (delithiation) capacities for the composite were 

1747 mAh g-1 and 1251 mAh g-1 respectively, with a coulombic efficiency (CE) of 71.6%. The 

irreversible capacity loss could be attributed to the formation of a SEI on the surface of the 

electrode at 0.6-0.9 V [112]. Although the CE in the 1st cycle is unimpressive, discharge capacity 

increased with progressive cycling while the CE increased to 98.1% at cycle 4, likely due to 
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surface activation or stabilization commonly observed in Si-C composite electrodes [103, 113]. 

The onset of the silicon lithiation potential long plateau at 0.12 V in the 1st cycle, which is 

different from cycles 2-3, is indicative of lithiation of crystalline silicon, which is understood 

because Si nanoparticles are crystalline as shown in TEM observations in Figure 2.4(c) [25] and 

XRD in Figure 2.5(a). 

Long term cycling and rate performance of the Si-pLig composite electrode are shown in 

Figure 2.6(b). With the initial discharge capacity at 1251 mAh g-1, it gradually increased over 

progressive cycling until reaching the highest capacity of 1557 mAh g-1 at 25th cycle. The 

discharge capacity at the 100th cycle is 1391 mAh g-1, a remarkable 89.3% capacity retention 

calculated against the highest capacity and an average cycling efficiency of 99.8% (Si-pLig CE) 

over 100 cycles. In contrast, the Si nanoparticle electrode with traditional PVDF binder as control 

(Si-PVDF) started at a high discharge capacity of 1732 mAh g-1, but quickly dropped to 25% at 

the 10th cycle and lost value during further cycling. Additionally, the Si-pLig composite 

electrode displayed excellent rate capabilities as shown in Figure 2.6(c). The average capacity 

based on the mass of Si is 1587 mAh g-1 at 0.18 A g-1 after initial stabilization, 1626 mAh g-1 at 

0.36 A g-1, 1475 mAh g-1 at 0.72 A g-1, and 1133 mAh g-1 at 1.44 A g-1. When the current density 

is returned to 0.18 A g-1, the discharge capacity recovered to previous levels.  



 

28 

 

 

 

 



 

29 

 

 

 

Figure 2.6. (a) Charge-discharge profile of Si-pLig for the first 4 cycles, under 0.54 A g-1 rate. 

The current density was based on the weight of silicon component. (b) Long term cycling 

performance and Coulombic efficiency of Si-pLig electrode at rate of 0.54 A g-1, in comparison 
with Si-PVDF binder electrode. (c) Rate capability of Si-pLig electrode.  

 

The exceptional electrochemical performance of the Si/C composite electrode may be 

understood based on the following considerations. First, carbon network obtained from pyrolized 

lignin acted as a mechanical support that encapsulated Si nanoparticles and provided good 

electrical conductivity; Secondly, carbon is known to be an excellent matrix for accommodating 

mechanical stress from volume changes in the lithiation/delithiation of Si, thus improving the 

cycling performance [28]. 

 To study the mechanism of capacity loss during cycling, the electrochemical resistance of 

Si-pLig was measured by electrochemical impedance spectroscopy (EIS), with results shown in 

Figure 2.7(a). The impedance of the Si-pLig composite dropped dramatically after initial cycling 

which coincided with the capacity increase shown in Figure 2.6(a). This may be attributed to the 

activation process observed in Si-C composite materials [114]. Although impedance slowly 

increased during cycling from cycle 4 to cycle 24 and cycle 104, the impedance of the Si-pLig 
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composite was still smaller than it was before cycling. This indicates that the continuous capacity 

loss is not due to worsened kinetics but probably due to mechanical degradation and detachment 

of the composite, providing a direction for future improvement. The internal impedance of the 

cell could be described using the proposed equivalent circuit shown in Figure 2.7(b). In the 

equivalent circuit, RS is the resistance associated with the cell components such as electrolyte, the 

working electrode, and reference electrode. Rint is the interface resistance related to the SEI, Rct is 

the charge-transfer resistance, and W is the Warbug impedance element. Due to the porous 

structure of the Si-pLig composite electrode, the capacitor component in the equivalent circuit 

was replaced by the constant phase element[115]. The experimental impedance values fitted well 

with the equivalent circuit. 

 

 

Figure 2.7. (a) Electrochemical Impedance Spectroscopy (EIS) of Si-pLig before and after 

cycling. The original data was plotted in symbols and the fitted line plotted in coloured lines, 

respectively. (b) Diagram of equivalent circuit.  
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 Additionally, it is important to point out the effects of PEO addition during the composite 

electrode synthesis. As shown in Figure 2.2, without the 0.5 wt% PEO addition into the Si-Lig 

solution prior to pyrolization, Si precipitated from lignin matrix and a non-uniform composite 

electrode was formed. This expectedly resulted in poor electrochemical performance when it is 

compared to Si-pLig w 0.5% PEO, shown in Figure 2.8. As seen in Figure 2.8, discharge for Si-

pLig w/o PEO started at 1.1 V and continued to 0.025 V, indicating rather significant SEI 

formation which deviated from typical discharge profiles of lithiation of crystalline silicon. This 

was also reflected in the low irreversible capacity of the first cycle, which we assigned to the poor 

contact between lignin and silicon without PEO to act as a “binder”.  The capacity of the Si-pLig 

w PEO after the first charge/discharge cycle was approximately 7 times higher than the Si-pLig 

w/o PEO.   

 

Figure 2.8. Voltage profile for Si-pLig without 0.5% PEO. 

 

 In Figure 2.9 the charge and discharge capacity of Si-pLig w/o PEO was shown over 100 

cycles. The charge capacity of Si-pLig without PEO addition was less than 300 mAh g-1 in the 
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first few cycles, much lower than the Si-pLig samples prepared with PEO, although it slightly 

increased over continuous cycling possibly due to activation mechanism discussed previously.  

Combined with the SEM images, it is concluded that the addition of 0.5 wt% PEO (1x106 

molecular weight (MW)) was crucial to form a backbone framework for the lower molecular 

weight lignin (average MW 20,000-30,000) and eventual formation of foam-like Si-pLig 

composite. Without the addition of 0.5 wt% PEO low molecular weight lignin molecules were 

unable to uniformly coat Si particles prior to and during pyrolization, which resulted in 

detrimental SEI formation on Si nanoparticles. Judging from the low discharge and charge 

capacity contribution from Si I believe that many Si nanoparticles were disconnected from the 

carbon matrix. The beneficial effect of PEO on improving spinnability of lignin into carbon fiber 

network was studied by Kadla et al., which could also be used to explain the present phenomenon 

since in both cases the desire was to form an ordered interconnected morphology[68, 69, 116]. I 

believe two reasons may account for the marked difference: 1) PEO is known to greatly promote 

hydrogen bonding along with other intermolecular and intra-molecular forces between lignin 

blends thus increasing the viscosity of Si-Lig composite which helps maintain the microstructure 

during heat treatment. 2) Enhanced Si nanoparticle-lignin hydrogen bonding interactions between 

the hydroxyls on Si surface and carboxylates formed during lignin heating allow for better 

encapsulation of Si nanoparticles [117].  
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Figure 2.9. Charge and discharge capacity of Si-pLig without 0.5% PEO. Cycling rate was 0.54 A 

g-1. 

 

2.4 Conclusions 

It is demonstrated that low-cost and renewable lignin could be composited with Si nanoparticles 

to form electrodes that exhibit high specific capacity during lithium charge/discharge cycles, with 

performance comparable to some of the recent publications on silicon nanoparticle electrodes [39, 

102, 118-120].  

My current work is important in two aspects: 1) The use of lignin as a renewable and low 

cost precursor for fabricating high performance Si electrodes for lithium ion batteries; 2) 

Pyrolized lignin with high molecular weight PEO as a backbone forms a binder free matrix with 

excellent electronic conductivity, ionic conductivity, and adhesion, thus removing the need for 

conventional binders such as PVDF. Although lignin has been previously explored for use in 

sodium ion batteries [121] and spun into carbon fibers (CF) as active material/support for lithium 

ion batteries [93, 122, 123], this is, to the best of my knowledge, one of the first reports in using 
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lignin as a precursor to form Si-C composites for lithium ion batteries with performances 

comparable to other Si-C reports [112, 124, 125]. There are variables not explored in this current 

work which may further enhance the performance of Si-pLig composite electrodes, such as 

optimizing Si-Lig ratio, Si nanoparticle size, pyrolization temperature/time, and PEO 

concentration/weight percent. It is believed that the low cost, renewability, and environmental 

friendliness associated with lignin and cost reduction by omitting binders will stimulate more 

interest in utilizing lignin and other biopolymers in energy related research. 
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Chapter 3 Low-Temperature Treated Lignin as Both a Binder and a Conductive 

Additive for Silicon Nanoparticle Composite Electrodes in Lithium-Ion Batteries 

 

Most of the contents of this chapter is reproduced from the paper published as ref [126], “Chen, 

T.; Zhang, Q.; Xu, J.; Pan, J.; Cheng, Y.-T., Binder-free lithium ion battery electrodes made of 

silicon and pyrolized lignin. RSC Adv 2016, 6 (35), 29308-29313.” 

 

3.1 Introduction 

The demand for higher energy density and low cost lithium ion batteries is ever increasing as 

market and policies promote the proliferation of electric vehicles[8, 127]. Currently, graphite is 

the mainstay negative electrode material for commercial lithium ion batteries, delivering a 

theoretical specific capacity of 372 mAh g-1. Alternative materials such as pure lithium metal 

electrode and graphene are being developed [128, 129], although they all face serious challenges.  

Silicon is one of the promising negative electrode materials with the theoretical capacity of 4200 

mAh g-1, more than 10 times higher than that of graphite [130]. While silicon negative electrodes 

boast the advantages of high theoretical capacity, low lithiation/delithiation potential, and natural 

abundance, bulk silicon suffers from large volume change (300%) and pulverization leading to its 

ultimate failure well short of a few hundred cycles that is considered bare minimum for replacing 

graphite [25, 131]. A number of strategies have been studied to accommodate silicon volume 

expansion, including the development of binders [132, 133], dispersion of silicon in 

inactive/active composites [38, 114, 124, 133, 134], and devising of novel nanostructures [109, 

135-137]. Among these approaches, silicon-carbon (Si-C) based composites are especially 

promising because carbon is comparatively flexible, electronically conductive, and easy to obtain 
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[28, 103]. Silicon and carbon materials have been composited through a number of methods, e.g., 

electrospinning, ball-milling, coating, and chemical self-assemblies [103, 123-125, 138, 139]. 

Although these methods have improved the performance of silicon negative electrodes 

considerably, they introduced, in some cases, complicated synthesis steps which made the 

composites uneconomical or inactive components which reduced energy density of the composite 

electrodes.  

It is believed that simple synthesis steps that utilized renewable materials without inactive 

components are important for developing practical silicon based electrodes. Low cost and 

renewable lignin, which constitutes up to 30% dry mass of the organic carbon on earth, is widely 

available from paper and pulp mills which produced in excess of 50 million tons annually [140]. 

Generally burnt for energy on site, lignin is gradually finding its way into high value-added 

products [141]. For example, Kadla et al. used lignin as the precursor for making carbon fibers 

[68]. Tenhaeff et al. fabricated lignin into robust lignin fiber mats for lithium ion battery negative 

electrodes [93]. Recently, lignin has also been composited with pitch as the precursor for efficient 

sodium ion batteries [97]. Aside from being a by-product of paper and pulp industry, 

lignocellulosic mass for the renewable fuel industry is forecasted to reach the annual production 

of 60 million tons by 2020 as mandated by the US Environmental Protection Agency (EPA) 

[142]. With such a high abundancy, it is critical and profitable to find high value-added products 

for lignin to improve the renewable bio-resource landscape. It is proposed that lignin is a 

competitive additive for making high performance silicon based lithium ion battery negative 

electrodes. 

 Previously, it was shown that a heat treatment process at 800 °C would convert a silicon-

lignin slurry to a binder-free Si-C composite electrode with high and stable electrochemical 

performance in which the lignin acted as both the conductive agent and binder [26]. However, the 
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high temperature treatment resulted in suboptimal utilization of silicon possibly due to the rigid 

structure of the lignin-derived carbonaceous network. To further improve the cyclability and 

utilization of silicon nanoparticles, it is explored in this section, a low-temperature heat treatment 

of the silicon-lignin composite, similar to a low-temperature treatment of Si-cyclized 

polyacrylonitrile (PAN) approach by Piper et al. [67]. They showed that by limiting the pyrolysis 

temperature to 300-500 °C, the cyclization of PAN proceeds without carbonization, thus 

maintaining polymeric properties while still introducing delocalized sp2 π bonding for electronic 

conductivity. On lignin molecules there exist an abundance of various chemical moieties such as 

methoxyls, phenols, and hydroxyls while lignin itself is a cross-linked biopolymer with binder-

like properties and usages [143]. It is speculated that, at intermediate heat treatment temperatures 

of 400-600 °C, lignin could be sufficiently carbonized providing excellent electronic conductivity 

via localized sp2 π while maintaining some of its polymeric flexibility, allowing the composite to 

fully utilize silicon capacity and accommodate volume expansion. To test my hypothesis, 

scanning electron microscopy (SEM) was used to show that the Si-Lig composite was very robust 

and stable after a high number of cycles. Transmission electron microscopy (TEM) showed that 

silicon nanoparticles were uniformly dispersed and coated by a thin layer of amorphous carbon 

acting as a protection layer. Synergistic results of Raman, XPS, and mechanical property 

measurements by nano-indentation helped explain the chemical composition evolution of lignin 

during the heat treatment and proved that the Si-Lig composite was sufficiently electronically 

conductive while being flexible compared to higher temperature treated counterparts. Together 

these attributes ensured a Si-Lig composite with excellent electrochemical performance.  
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3.2 Experimental Section 

3.2.1 Preparation of Si-Lig composite 

Kraft lignin (Indulin AT), supplied by Mead Westvaco as a brown powder, is a purified form of 

Kraft pine lignin. It is derived by further acid hydrolysis of Kraft lignin, which removes both the 

sodium and the hemicellulose. The lignin was first mixed with 0.5 wt% polyethylene oxide (PEO, 

1x106 MW, Sigma Aldrich) by spatula, then the powder mixture was dissolved in 

dimethylformamide (DMF, Sigma Aldrich) with a weight ratio of 15%. The solution was heated 

to 60 °C under constant magnetic stirring for 2 h. Afterwards, silicon nanoparticles of diameters 

30-50 nm (Nanostructured & Amorphous Materials) were added to the solution with a weight 

ratio of 15% to DMF. The solution was magnetically stirred for 6 h at 60 °C while going through 

sonication for 5 min, every 2 h. A Mazerustar KK-250S planetary mixer was also used every 2 h 

to ensure adequate mixing. The solution was stirred and heated until reaching a suitable viscosity 

for slurry coating onto copper foil by a doctor blade with a gap spacing of 127 µm. After drying 

in air, the coated copper foil was dried under vacuum at 120 °C overnight to obtain a uniform Si-

Lig film. The average thickness of the composite film is ~25 µm. 

The dried silicon-lignin on copper foil was heat treated in a tube furnace with argon 

atmosphere at a step rate of 2 °C /min up to 400-600 °C, then held for 10 min. For making 

electrodes, 12 mm disks were cut and stored to be assembled into coin cells. 

3.2.2 Coin cell fabrication and electrochemical testing 

For electrochemical performance of silicon-lignin half-cell electrode, coin cells (CR2025 type) 

were assembled in an argon filled glove box, using Li foil as the counter/reference electrode, 

Celgard 2400 membrane as the separator, and 1M LiPF6 in ethylene carbonate and diethyl 

carbonate (EC: DEC=1:1 vol%, BASF) with 10 wt% fluoroethylene carbonate (FEC, BASF) 
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additive as the electrolyte. A total of more than 20 coin cells made from 3 batches were tested in 

half cell setups. For full cell NMC (LiNi1/3Mn1/3Co1/3O2, Umicore) electrode replaced the Li metal 

foil as the cathode electrode. The NMC electrode was prepared using the conventional slurry 

coating method with a composition of 92 wt% NMC/4 wt% carbon black (Super P C65, 

TIMCAL/4 wt% polyvinylidene fluoride (PVDF, No. 1100, Kureha, Japan). The average loading 

and density of the NMC electrode were ~14 mg cm-2 and ~1.7 g cm-3, respectively and the loading 

and density of the silicon-lignin electrode were ~1 mg cm-2 and ~0.4 g cm-3, respectively. Masses 

of the negative silicon-lignin electrode and positive NMC electrode were balanced so that the 

total capacity N/P ratio of the electrodes was ~1:1. The electrodes were assembled into CR2025 

type full cell configuration coin cells and 6 full cells were tested. 

Electrochemical tests were performed using a Bio-Logic potentiostat (VMP-3) at room 

temperature. The electrochemical properties of the electrodes were measured within a voltage 

range of 0.015-1.2 V using constant current mode. Impedance was measured potentiostatically by 

applying an AC voltage of 10 mV amplitude in the range of 100 kHz to 100 mHz directly using 

coin cells after a specific number of cycles. The Si wt% content of the composite was calculated 

by punching out individual electrodes (12 mm diameter) and weighing the mass loss after heat 

treatment, where the lignin component lost mass and silicon mass remained constant. The specific 

capacities of the electrodes were normalized based on the weight of Si in the composite or the 

total weight of the composite. The mass loading of the silicon-lignin composite electrodes was 

0.9 to1.1 mg cm-2, and the Si loading 0.60 to 0.73 mg cm-2. 

3.2.3 Characterization 

 

Scanning electron microscopy (SEM) images were recorded using a Hitachi S-4300 microscope 

with a 6 kV voltage in the imaging mode. The structure of the silicon-lignin composite electrodes 
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was examined with a JEOL 2010F transmission electron microscope (TEM). X-ray photoelectron 

spectroscopy was performed on a Thermo Scientific K-Alpha system with Al Kα radiation. Nano-

indentation was performed on an Agilent Technologies Nano Indenter G200. The maximum load 

was 9.8 mN, the loading rate was 0.49 mN/s, and the hold time at maximum load was 10 s. Depth 

profile (Continuous Stiffness Measurement mode) was studied between 0-3000 nm and average 

results were obtained for depth either 200-800 nm or 1000-3000 nm where the elastic modulus 

and hardness were consistent according to Oliver and Pharr [144, 145]. Raman analysis was 

performed on a Thermo Scientific DXR Raman microscope. Peak analysis was done using 

OriginPro. 

3.3 Results and discussions 

The electrochemical performance of silicon-lignin half cells was presented in Figure 3.1. The 

electronic conductivity of silicon-lignin composite is likely very low after heat treatment at 

400 °C leading to almost no capacity. The main transition for the development of electronic 

conductivity for lignin in my case appeared to be between 400 °C and 500 °C. Figure 3.1(a) 

shows the initial charge (lithiation) and discharge (delithiation) capacity for silicon-lignin 

composite treated at 500 °C to be ~3000 mAh g-1 and 2330 mAh g-1. Through cycles 2 to 5 

capacity gradually increased until the coulombic efficiency (CE) was close to 100%. Figure 

3.1(b) shows that the initial charge (lithiation) and discharge (delithiation) capacity for silicon-

lignin composite treated at 600 °C is ~3780 mAh g-1  and 3086 mAh g-1 respectively calculated to 

the weight of silicon, which corresponds to 2500 mAh g-1 and 2050 mAh g-1 normalized to the 

weight of the entire composite electrode. Both electrodes showed a characteristic long plateau 

during the first lithiation at <0.1 V which corresponds to the amorphization of crystal Si [146].  

Long term cycling of silicon-lignin electrodes treated at 500 °C and 600 °C is shown in 

Figure 3.1(c) and Figure 3.1(d), respectively. At 100 cycles silicon-lignin treated at 500 °C 
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showed a specific capacity of 2038 mAh g-1 normalized to silicon weight or 1386 mAh g-1 

normalized to the weight of the entire electrode. At 100 cycles silicon-lignin treated at 600 °C 

showed a specific capacity of 2378 mAh g-1 normalized to silicon weight or 1591 mAh g-1 

normalized to the weight of the entire electrode. Both electrodes demonstrated exceptional 

cycling properties at relatively high areal loading of ~1 mg cm-2 and areal capacity of ~2 mAh 

cm-2. Compared to excellent capacity retention, the average coulombic efficiency of 98.6% was 

lower than expected and would be a topic of future improvement. A direct comparison of silicon-

lignin composites heat treated at various temperatures is also shown in Figure 3.1(e). It is clear 

that the 600 °C treated silicon-lignin composite had the best cycling performance. More than 20 

coin cells made from 3 batches were tested in half cell configurations and the capacity difference 

across different coin cells was minimal in the range of ~30 mAh g-1 calculated to the weight of 

silicon. None of the cells failed after a few cycles, showing the consistency and robustness of the 

silicon-lignin composite. 
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Figure 3.1. Electrochemical performance of silicon-lignin composite in half-cell tests (a) Voltage 

profiles for silicon-lignin treated at 500 °C. First 7 cycles at rate of 0.1 A g-1.  (b) Voltage profiles 
for silicon-lignin treated at 600 °C. First 5 cycles at rate of 0.1 A g-1. (c) Cycling discharge 

capability and CE of silicon-lignin composite treated at 500 °C. Cycled at a rate of 1 A g-1. (d) 

Cycling discharge capability and CE of silicon-lignin composite treated at 600 °C. Cycled at a 
rate of 1 A g-1. (e) Comparison of silicon-lignin composite cycling capacity treated at 400 °C, 500 

°C, 600 °C, and 800 °C. 

  

 Rate tests shown in Figure 3.2(a) for silicon-lignin composite treated at 600 °C 

demonstrated that the composite electrodes showed good performance under high rates and 

capacity under low cycling rates can be retained. There have been recent reports on the 

performance of silicon-based electrodes in full-cell setup and it is believed this is critical in 

evaluating the electrode performance due to the more complex and realistic testing environment 

[147-149]. Based on the superior performance of the electrode heat treated at 600 °C, it was 

selected to be coupled with NMC electrode and tested in a full-cell setup with electrochemical 

performance data shown in Figure 3.2(b) and Figure 3.2(c). The voltage profile is typical of 

silicon electrode in a full cell setup with NMC electrode and a first cycle coulombic efficiency of 

80.1% was obtained. The capacity retention after 60 cycles was 44%, which is similar to most of 

the silicon-based full-cell performance reported in the literature [147, 149-151], showing that 
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although many electrodes are very promising in half-cells, the loss of lithium due to parasitic 

reactions at negative electrode and an unstable solid electrolyte interface (SEI) remains to be an 

unsolved problem.     

 

 

 



 

46 

 

 

 

Figure 3.2. Electrochemical performance of silicon-lignin composite (a) Rate capability of 

silicon-lignin composite half-cell treated at 600 °C. (b) Voltage profiles of silicon-lignin 

composite treated at 600 °C coupled with NMC positive electrode cycled at 0.1 A g-1 between 2.8 

V-4.2 V. The rate used and calculated capacity was determined based on the weight of silicon. (c) 
Cycling performance of silicon-lignin composite treated at 600 °C coupled with NMC positive 

electrode cycled at 0.1 A g-1 between 2.8 V-4.2 V. The rate used was based on the weight of 

silicon nanoparticles in the composite and the reported capacity is per coin cell. 

 

To help understand the excellent electrochemical performance, the morphology of the 

silicon-lignin composite was studied by SEM and TEM. Figure 3.3(a) shows a SEM image of the 

silicon-lignin composite after heat treatment at 600 °C showing that coated silicon nanoparticles 

are mostly in the size range of 90-170 nm. The size distribution of the individual silicon-lignin 

particles is due to the varying size distribution of the commercial silicon nanoparticles (40-60 

nm), different carbon coating thickness, and possibly bundling of several silicon nanoparticles. 

The morphology of silicon-lignin composites treated at 400, 500, 600 °C had similar morphology, 

and the SEM images of 400 and 500 °C composites are shown in Figure 3.4. It is observed that 

silicon nanoparticles are well connected throughout the 3D matrix provided by the lignin, similar 

to other silicon composite work [118, 133]. The structure of the silicon-lignin composite is further 

shown in detail by TEM images. Figure 3.3(b) proves that Si nanoparticles were not only 
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interconnected but also encapsulated by carbon from heat treated lignin. Figure 3.3(c) shows that 

the silicon nanoparticles are crystalline in nature with a thin layer of amorphous carbon coating. 

Post-cycling SEM images shown in Figure 3.5(a) indicates that the structure of the composite is 

surprisingly robust considering that no conventional binder was used, although some micrometer 

size cracks were formed due to silicon volume expansion. Overall most silicon nanoparticles 

maintained electronic conduction to the bulk of the composite after 50 cycles as indicated by 

electrochemical cycling data. It could also be seen in the SEM image in Figure 3.5(b) after 50 

cycles carbon coated silicon nanoparticles have increased in size slightly probably due to SEI 

growth. Figure 3.5(c) also shows that the composite maintained good adhesion to the Cu substrate 

after 50 cycles, and no significant delamination from the substrate was observed. EDX mapping 

of shown in Figure 3.6 leads to the conclusion that a thin layer of native SiO2 also existed on the 

surface of the silicon nanoparticles as indicated by O signals.  Figure 3.7 shows silicon-lignin 

aggregates after 50 cycles. Crystalline silicon turned into amorphous silicon after reversible 

lithium insertion and the integrity of the composite was retained [152].  
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Figure 3.3. (a) SEM image shows the typical surface morphology of silicon-lignin composite 

after heat treatment at 600 °C. (b) TEM image shows a bundle of coated silicon nanoparticles. (c) 

HRTEM image of a silicon nanoparticle. 
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Figure 3.4. SEM images of Si-Lig composites after heat treatment at (a) 400 °C and (b) 500 °C. 
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Figure 3.5. Post-cycling SEM images of silicon-lignin composite treated at 600 °C, after 50 
cycles. (a) Low magnification top view (b) High magnification top view (c) Cross-section view. 
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Figure 3.6. EDX mapping of Figure 3.3(c). 
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Figure 3.7. TEM images of the Si-Lig electrode after 50 cycles at a rate of 1 A g-1 with different 
magnifications, showing the integrity of the composite. 

 

 Although the pyrolytic behavior of lignin has been studied previously, XPS and Raman 

spectroscopy were used to analyze the chemical composition change in the silicon-lignin 

composites. Figure 3.8(a) shows the XPS spectra of C 1s from silicon-lignin composites treated at 

various temperatures. The non-treated Si-Lig displayed a wide band from 282 to 288 eV, with the 

main peak at ~284.4 eV. The broadening of the band toward lower energies is due to significant 

C-H bonding, and this broadening decreases with increasing treatment temperature [84]. The 286 

eV peak is typically associated with C-O bonds such as hydroxyl and/or ether, and it also 

decreases substantially toward higher temperatures correlating with the release of H and O 

containing volatile compounds during pyrolysis.  With increasing temperature, the C 1s bands 

become narrower and are more centered at ~284.7 eV which is related to C-C and C=C bonding. 

This suggests that over the course of temperature rise H and O moieties were lost substantially 
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leading to the formation of graphitic domains. There is also a main peak shift from Si-Lig non-

treated to Si-Lig 800 °C which is likely due to the  size change of condensed aromatics/graphite 

domains and loss of C-H bonding [153]. The C 1s spectra was deconvoluted mainly considering 

C-C/C=C and oxidized carbon. The peak area and ratio of C-C/C=C to oxidized carbon peaks 

were shown in Table 3.1. The monotonic increase in the peak ratio with increasing heat treatment 

temperature is understood because oxygen is gradually lost during heating up of organic material 

as gaseous side products. 

 

Table 3.1. The normalized area of deconvoluted carbon peaks and ratio of C-C/C=C peaks to 
oxidized carbon peaks. 

 Peak area (Arbitrary Units) 
Ratio of C-C/C=C to 

oxidized carbon peaks 

     C-C/C=C Oxidized peaks  

Silicon-lignin composite (Non-

treated) 

37139 

 

35621 

 

1.0426 

 

Silicon-lignin composite (400 °C) 
58664 

 

40015 

 

1.4660 

 

Silicon-lignin composite (500 °C) 
52913 

 

30820 

 

1.7168 

 

Silicon-lignin composite (600 °C) 
63116 

 

27624 

 

2.2848 

 

Silicon-lignin composite (800 °C) 
54321 

 

19560 

 

2.7771 

 

 

To further understand the ordering of carbons in lignin during heat treatment, Raman data 

was shown in Figure 3.8(b). There was no Raman shift for the non-treated silicon-lignin 

composite. For samples treated at 400, 500, and 600 °C two Raman shifts were seen specifically 

at 1367 cm-1 (D band) and 1593 cm-1 (G band). These two bands are attributed to delocalized sp2 
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π bonding [154]. The appearance of D and G bands correlate to the existence of disordered and 

ordered structural configurations, respectively, therefore the ratio of band intensities ID/IG is 

indicative of the degree of order of the carbons. Gaussian function was used to fit the peaks with 

R2>0.99. The ratios of ID/IG were calculated using the fitted peaks and found to be 2.19 for 

400 °C, 1.90 for 500 °C, and 1.84 for 600 °C samples. My findings are consistent with the 

literature that ID/IG decreases with increasing heat treatment temperature, implying a higher 

degree of ordering for carbons [155]. From the characterization results, it is evident that heat 

treatment at 400-600 °C caused graphitization of lignin, bringing forth electronic conductivity.  
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Figure 3.8. (a) C 1s XPS spectra of silicon-lignin composite treated at various temperatures (b) 

Raman spectra of silicon-lignin composite treated at various temperatures shown with the typical 

D and G bands. 

 

 It is believed that performance of a binder should be dependent on its mechanical 

properties, in particular elastic modulus and hardness. In the case of silicon nanoparticles, 

however, there seems to be few studies establishing a correlation between these mechanical 

properties and the electrochemical performance of a binder. Some previous research has indicated 

that mechanical properties of binders are one of the key factors in determining their performance 

[33, 156]. Therefore, detailed nano-indentation measurements were carried out to obtain, in Table 

3.2, the mechanical properties of silicon-lignin composites heat treated at two different 

temperatures. It is found that the modulus of heat treated lignin composited with silicon 

nanoparticles was much lower than carbon fibers using lignin as a precursor due to difference in 

configuration and heat treatment protocol. The elastic modulus of lignin without heat treatment is 

in the range of ~3 GPa and carbon fibers spun from lignin precursor had modulus in the range of 

39 to 61 GPa [82, 157]. A notable increase in elastic modulus and hardness is seen for silicon-

lignin composites treated at 600 °C compared to 800 °C, which shows a much stiffer composite 
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was formed due to carbons being more ordered at higher temperatures such as forming graphite-

like domains. While this brought an increase in conductivity, it likely decreased polymer-like 

properties of the composite resulting in lower silicon utilization and volume accommodation 

ability. These difference in mechanical properties helped explain why silicon-lignin composite 

treated at temperatures of 600 °C had much improved electrochemical performance over my 

previous publication where it was treated at 800 °C [26].  

 

Table 3.2. Summary of elastic modulus (E) and hardness (H) for silicon-lignin composites. 

 E (GPa) H (GPa) 

 Mean  S.D. Mean S.D. 

Silicon-lignin composite (600 °C) 6.23 0.72 0.19 0.04 

Silicon-lignin composite (800 °C) 16.64 3.73 0.82 0.34 

 

To investigate the electronic conductivity, silicon-lignin composites heat treated at 400, 

500, and 600 °C were studied by electrochemical impedance spectroscopy (EIS). EIS 

measurements for half-cells were conducted during the cycling process and shown in Figure 

3.9(a). The EIS plots usually consist of a semicircle at high frequency which represents the 

resistance of the electrolyte and charge-transfer, and a Warburg tail at lower frequencies due to 

diffusion-resistance from the electrode material. For the 500 °C electrode the resistance at high 

frequencies increased over the course of cycling. For the 600 °C cell the resistance at high 

frequencies did not dramatically change, but the resistance at lower frequencies increased over 

the course of cycling. An equivalent circuit shown in Figure 3.9(b) was used to fit experimental 



 

57 

 

 

data over the high and medium frequency range, and the fitted curves were plotted with the 

experimental data in close-up in Figure 3.10 [115]. Overall the impedance values were low for 

such a silicon-based composite electrode [158].   

 

 

Figure 3.9. (a) Nyquist plots for the Si-Lig composites heat treated at 500 °C and 600 °C after 20 

and 100 cycles. (b) Equivalent circuit used for fitting for the experimental data. 
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Figure 3.10. Plot of fitted curves using equivalent circuit plotted against the experimental data in 

close-up. 

 

It is important to note that the addition of 0.5 wt% of PEO helped to stabilize lignin 

coating on silicon nanoparticles during the heating up process presumably due to (1) promotion of 

hydrogen bonding between lignin blends, thus increasing the viscosity of Si-lignin composite 

[106]; (2) Enhanced silicon nanoparticle-lignin hydrogen bonding interactions, allowing for better 

encapsulation of silicon nanoparticles [117]. PEO is regularly added to lignin blends to ensure 

better electrospinning or lower the lignin critical concentration required for spinning [107, 116]. 

 It is also worth mentioning that currently the silicon-lignin composites were synthesized 

with a starting ratio of 1:1 Si to lignin, giving about a final weight ratio of 1.7:1. The increase in 

Si weight ratio is due to the loss of C, H, and O elements from lignin during heat treatment. This 

is also accompanied by a volume change in the formed silicon-lignin composite. By experimental 

observations, a starting ratio of 1:1 guarantees good electronic conductivity while bringing only 
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moderate volume change. At a starting silicon to lignin ratio of 0.25:0.75, the final weight ratio 

can be calculated to be ~1:1.8, which is closer in imitating industrial applications of small 

addition of Si (10 wt%) to graphite (90%). At this weight ratio, substantial volume change for the 

composite was observed which brought about significant curving of the composite film and 

underlying Cu substrate. Nonetheless this is harmful to the electrochemical performance of the 

composite as electrodes should be flat and a curvature may lead to initiation of cracks.  

3.4 Conclusions 

It is demonstrated that renewable, low-cost, and widely available biopolymer lignin could be 

composited with silicon nanoparticles under the appropriate low temperature heat treatment to 

yield composite negative electrodes with exceptional electrochemical performance, retaining 

2378 mAh g-1 after 100 cycles at 1 A g-1. I explored and presented possible chemical composition 

changes of lignin during the heat treatment. The effects of heat treatment on lignin as a binder and 

conductive agent was also elucidated. The performance of this binder-free and conductive 

additive free electrode is comparable to electrodes where conventional binders or polymer binders 

were used [31, 118, 133, 158, 159]. Although lignin has been previously explored for use in 

sodium ion batteries and carbon fibers as active material/support for lithium ion batteries [77, 92, 

97], this work demonstrates it effectiveness in silicon-based negative electrodes.  

 This simple system also presents many opportunities for future studies. Although half-

cell performance was remarkable, full-cell performance of the composite electrode shows that 

there are many challenges to be solved in practical silicon-based electrodes in limiting the loss of 

lithium. Dupre et al. showed that in the case of Si/NMC full cells the NMC and silicon active 

materials were not degraded or altered, however non lithiated organic species were formed at the 

extreme surface of the SEI over the course of cycling, pointing out that lithium is likely 

consumed mainly by parasitic reactions at the negative electrode surface. This was especially true 
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when a capacity ratio of ~1:1 between negative and positive electrodes was used in this study and 

the supply of lithium became limited [149]. Although the silicon-lignin composite electrode is 

quite robust, the porous carbon surface may not be favorable enough in limiting SEI formation 

and lithium consumption in the full cell configuration. Based on the results and previous literature 

it is believed that artificial surface SEI coatings of a combination of Al2O3/LiF or pre-lithiation to 

compensate the lithium loss may be two of the approaches to further improve the electrode 

performance [160, 161].     
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Chapter 4 High Performance Binder-free SiOx/C Composite LIB Electrode 

Made of SiOx and Lignin  

 

4.1 Introduction 

SiOx-based electrodes are highly promising because of their high specific capacity compared to 

graphite and improved cycling performance over Si [162, 163]. In amorphous SiOx, crystalline or 

amorphous Si cores are uniformly dispersed in SiO2 matrix which protects Si from contacting the 

electrolyte during lithiation/delithiation [48, 164]. Lithium oxide (Li2O) and lithium silicates, 

primarily Li4SiO4, generated from Li reacting with SiOx during the first lithiation may act as 

buffer components to accommodate volume change caused by reaction of Li with Si, thus leading 

to improved cycling performance [164-166]. However, coating SiOx with carbon [167-169] or 

compositing with highly conductive material such as carbon nanofibers (CNF) [170] or graphene 

[171] is highly preferred because of the low conductivity of SiOx components [172].  

Low cost lignin is widely available from paper and pulp mills which is produced in excess of 

50 million tons annually [140]. Generally burnt for energy on site, lignin is finding its way into 

high value-added products such as carbon fibers [79, 80], LIB electrode [93], and sodium ion 

battery electrode [97]. Previously, it was shown that renewable lignin could be utilized as both 

the binder and conductive additive for Si nanoparticle composite electrodes with exceptional 

performance comparable to conventionally designed Si electrodes [26, 126]. 

Because SiOx suffers smaller volume changes than Si, it is speculated that heat treated lignin 

may be a more capable matrix to accommodate SiOx during extended cycling processes allowing 

for better capacity retention. 
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 In this section, the structure and electrochemical performance of a binder-free composite 

electrode of heat treated micro-nano SiOx-lignin (SiOx-Lig) electrode is discussed. A binder-free 

monolithic electrode was formed by mixing cryo-milled SiOx particles with lignin dispersed in 

dimethylformamide (DMF), coating on Cu substrate, then heat treated at 600 °C. When tested in 

the lithium half-cell configuration, the SiOx-Lig electrode exhibited excellent electrochemical 

performance, with stable lithium storage capacity of about 900 mAh g-1 at current density of 200 

mA g-1 for 250 cycles. 

4.2 Experimental 

 

4.2.1 Materials and experimental procedures 

Kraft lignin (Indulin AT) was supplied by Mead Westvaco as a brown powder. It is derived by 

further acid hydrolysis of Kraft lignin, which removes both the sodium and the 

hemicelluse. Lignin was first mixed with 0.5 wt% polyethylene oxide (PEO, 1x106 MW, Sigma 

Aldrich) by spatula, then the powder mixture was dissolved in dimethylformamide (DMF, Sigma 

Aldrich) with a weight ratio of 30%. The solution was heated to 60 °C under constant magnetic 

stirring for 2 h. The SiOx particles of 325 mesh (Sigma Aldrich) were cryo-milled in a 6770 

Freezer/Mill (model number 6770, SPEX) for three cycles of 5 min duration each, then added to 

the solution with a weight ratio of 30% to DMF, and 1:1 weight ratio to lignin. The solution was 

magnetically stirred for 6 h at 60 °C while going through sonication for 5 min, every 2 h. A 

Mazerustar KK-250S planetary mixer was used every 2 h to ensure adequate mixing. The 

solution was stirred and heated until reaching a suitable viscosity for slurry coating onto Cu foil 

by a doctor blade with a gap spacing of 80 µm. After drying in air, the dried SiOx-Lig on copper 

foil was heat treated in a tube furnace with argon atmosphere at a step rate of 2 °C /min up to 

600 °C, then held for 2 h. For making electrodes, 12 mm disks of SiOx-Lig on Cu were cut and 

stored to be assembled. For making SiOx-PVDF conventional electrodes for comparison, the 
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cryo-milled SiOx particles were mixed with carbon black (Super P C65, TIMCAL) and 

polyvinylidene (PVDF, No. 1100, Kureha, Japan) in weight ratio of 3:1:1 dissolved in N-methyl-

2-pyrrolidone (NMP, 99.5%, Alfa Aesar) using Mazerustar KK-250S planetary mixer, then 

coated on Cu substrate with a gap spacing of 100 µm. The electrode was dried at 110 °C in 

vacuum overnight. 

4.2.2 Coin cell fabrication and electrochemical measurements 

For measuring electrochemical performance of electrodes in half-cells, coin cells (CR2032 type) 

using the electrodes were assembled in an argon filled glove box, using Li foil as the 

counter/reference electrode, Celgard 2400 membrane as the separator, and 1M LiPF6 in ethylene 

carbonate and diethyl carbonate (EC: DEC=1:1 vol%, BASF) with 10 wt% fluoroethylene 

carbonate (FEC, BASF) additive as the electrolyte. Electrochemical tests were performed using a 

Bio-Logic potentiostat (VMP-3) at room temperature. The electrochemical properties of the 

electrodes were measured within a voltage range of 0.005-1.2 V using constant current mode. 

Impedance was measured potentiostatically by applying an AC voltage of 10 mV amplitude in the 

range of 100 kHz to 100 mHz using coin cells after a specific number of cycles. The reported 

specific capacity of the electrodes was based on the weight of the entire electrode material 

weight. The mass loading of the SiOx-Lig composite electrodes was 1.1 to 1.2 mg cm-2
, and the 

mass loading of the SiOx-PVDF electrodes were 1-1.2 mg cm-2. To clarify any ambiguity, in this 

work the charge process refers to the reactions of Li with SiOx, and discharge the reverse 

reactions. 

4.2.3 Characterization 

Scanning electron microscopy (SEM) images and EDX maps were recorded using a FEI Quanta 

environmental scanning electron microscope (ESEM). X-ray photoelectron spectroscopy (XPS) 
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was performed on a Thermo Scientific K-Alpha system with Al Kα radiation. Raman analysis 

was performed on a Thermo Scientific DXR Raman microscope. X-Ray powder diffraction 

(XRD) was performed on a Siemens D500. The carbon content of the composite electrode was 

analyzed by a Leco SC-144DR elemental analyzer. Peak analysis was done using OriginPro 8. 

4.3 Results and discussions 

Figure 4.1 illustrates the synthesis process of the SiOx-Lig composite. Prior to heat treatment, 

SiOx particles were uniformly dispersed in the lignin polymer. To ensure the uniform and stable 

coating of lignin on SiOx particles during the heating process and prevent segregation, 0.5 wt% 

PEO was added into the mixture. It is well known from previous studies by Kadla et al that PEO 

aids in the formation of fiber morphology during electros pinning of lignin solution [107, 116] due 

to: 1) promotion of hydrogen bonding between lignin blends, thus increasing the viscosity of the 

SiOx-Lig composite and stability of the dispersion [106]; 2) enhanced SiOx particle-lignin 

hydrogen bonding interactions allowing for better encapsulation of SiOx-Lig particles [117]. After 

the 600 °C low temperature heat treatment lignin is partially pyrolized, leaving behind a 

conductive carbon shell on individual SiOx particles while also forming an interconnected 

conductive matrix to host the SiOx particles. It should be noted that at this temperature while 

some H and O are lost as gaseous products such as methanol, formaldehyde, acetic acid, light 

hydrocarbons, CO2, and H2O, some polymeric moieties are still left [103, 104]. It was discussed 

in the previous study that a Si nanoparticle (Si NP)-lignin composite heat treated at 600 °C 

showed lower elastic modulus and hardness compared to composite heat treated at 800 °C while 

displaying superior electrochemical performance, as the result of the better flexibility of the 

carbon matrix [126]. Also the Si NP-lignin composite showed adequate electrical conductivity for 

electron transport, therefore in this study the SiOx-Lig composite was also heat treated at 600 °C 

instead of higher temperatures. 
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Figure 4.1. Schematic of the formation process of the SiOx-Lig composite electrode. 

  

Shown in Figure 4.2 are the SEM images of the SiOx-Lig composite electrode and EDX 

mapping of O, C, Si elements. It could be seen in Figure 4.2(a) that cryo-milled SiOx particles are 

uniformed dispersed in lignin derived matrix with a dense, crack-free surface, and a glassy overall 

texture [173]. The uniform existence of SiOx particles in the lignin matrix is confirmed by EDX 

mapping as shown in Figure 4.2(b). 

The crystalline nature of cryo-milled SiOx particles and as prepared SiOx-Lig composite 

were analyzed by XRD and shown Figure 4.3(a). No distinctive peaks of Si or SiO2 appear for the 

SiOx powder, consistent with the generally amorphous nature of the powder. After compositing 

with lignin and heat treatment, there is an additive broad band superpositioned on the 24.3° broad 

peak of SiOx at 21.82 ° attributed to amorphous carbon [62].  Figure 4.3(b) represents the Raman 

spectra of the SiOx particles and the as prepared SiOx-Lig composite. The sharp peak at 502 cm-1 

and 947 cm-1 are attributed to crystalline Si indicating that nano-Si particles were dispersed into 

Si oxide matrixes, which is in agreement with previous studies [173, 174]. Combining results 

from XRD pattern and Raman spectra, it could be concluded that some nanocrystalline Si 
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particles exist in the cryo-milled SiOx, but they are too small in size to be identified by XRD. For 

the SiOx-Lig composite, two broad distinctive bands at 1340 cm-1 and 1583 cm-1 can be attributed 

to the D-band (disorder-induced phonon mode) and G-band (graphite band), respectively, of 

delocalized sp2 π bands of carbon [175, 176]. The bands related to SiOx are small in the composite 

due to the high intensities resulting from carbon atoms. 

 

 

Figure 4.2. SEM image of (a) SiOx-Lig composite; (b) EDS mapping of O, C, and Si. 
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Figure 4.3 (a) XRD pattern and (b) Raman spectra of SiOx and SiOx-Lig composite. 

  

To examine the elemental composition and valence states of the composite, XPS was 

conducted and shown in Figure 4.4. As can be seen in Figure 4.4(a), C, Si, and O are present in 

the composite. Figure 4.4(b) shows the valence states of Si in the composite.  The Si2p spectra 

was deconvoluted to 4 peaks, 99.8 eV for Si0, 101.6 eV for Si2+, 102.7 eV for Si3+, and the large 
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peak at 103.8 eV for Si4+, and is in good agreement with previous reports studying the Si valence 

states in SiOx
 [177, 178].  
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Figure 4.4. XPS spectra of SiOx-Lig composite (a) full spectra; (b) Si2p spectra. 

 

The electrochemical properties of the SiOx-Lig composite electrode, including cyclic 

voltammogram (CV) curves, the potential charge-discharge profile, cycling performance, and rate 

capabilities were evaluated. Figure 4.5(a) shows the CV of the composite in the initial three 

cycles at the scan rate of 0.1 mV s-1. In the first cathodic scan, the cathodic peak from 1.75-1 V is 

associated with the decomposition of the electrolyte additive FEC and the formation of solid 

electrolyte interface (SEI), while the peak between 0.9-0.5 V is ascribed to the reduction reaction 

of EC [179]. The small CV area in the 1.75-0.5 V range during the first cathodic scan in this 

report is similar to other reports utilizing carbon coating, indicating that carbon coating may have 

procrastinated the reactions in the first cycle [173, 180]. The weak peak from 0.5-0.2 V mainly 

corresponds to the reduction of SiOx into Li2O and electrochemically inactive lithium silicates, 

primarily Li4SiO4 [163, 181], as described in equation [182]: 

𝑆𝑖𝑂2 + 𝑦𝐿𝑖+ + 𝑦𝑒− → 𝐿𝑖2𝑂 + 𝐿𝑖 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒𝑠                                   (1) 
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Finally, the Si is lithiated and forms the amorphous LiySi phase from 0.2 to 0.005V shown in the 

following equation [183]:  

𝑆𝑖 + 𝑦𝐿𝑖+ + 𝑦𝑒− → 𝐿𝑖𝑦𝑆𝑖                                                             (2) 

 

In the anodic scan, the broad peak centered at 0.56 V is due to the phase transition of amorphous 

LiySi phase to amorphous Si. This phase transition is reversible throughout the cycling process 

while the formation of Li oxide and Li silicates is mostly irreversible [49]. After the first scan, the 

CV curve shape stabilizes and increases in area, implying activation of the electrode which agrees 

with the cycling performance results. 
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Figure 4.5. (a) Cyclic voltammogram of the SiOx-Lig composite from the first to the third cycle at 
a scan rate of 0.1 mV s-1; (b) The charge-discharge curves of SiOx-Lig composite for the first 

three cycles at 100 mA g-1 in the voltage window of 0.005-1.2 V; (c) The cycling performance of 

the SiOx-PVDF and SiOx-Lig composite at 100 mA g-1 for three cycles, then at 200 mA g-1 for 3-
250 cycles; (d) The rate capabilities of SiOx-Lig composite at various current densities.  

 

 Figure 4.5(b) shows the initial charge/discharge profiles of the SiOx-Lig composite for 

the first three cycles at the current density of 100 mA g-1. The first cycle charge capacity of the 

composite is about 1475 mAh g-1 and the first cycle discharge capacity 901 mAh g-1, respectively, 

with an initial coulombic efficiency of 61%. The low coulombic efficiency is commonly observed 

in SiOx-based electrodes and due to the formation of irreversible Li oxides and Li silicates. 

Although the initial coulombic efficiency is low, the formed inactive phases served as excellent 

volume expansion buffer and led to excellent cycling capabilities as a trade-off. As measured 

from elemental analysis, the C wt% in the SiOx-Lig composite is 35.2%. Since monolithic hard 

carbon derived from lignin at low temperature typically contributes ~200 mAh g-1 [93] and 

overall capacity of the composite electrode is 901 mAh g-1, the capacity contribution from SiOx 

can be estimated to be ~1250 mAh g-1 for the first discharge process. The plateau for potential of 
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1.0 to 0.3 V during the first charge process corresponding to SEI formation is small, with a large 

plateau from 0.3 to 0.005 V corresponding to Si reaction with Li. The small plateau for 1.0 to 0.3 

V during the first charge process may be the result of the thick carbon coating delaying the 

process. Common charge-discharge profiles attributed to SiOx material was observed in the 2nd 

and 3rd cycle [56, 180].  

 The long-term cycling performance of the SiOx-Lig electrode is shown in Figure 4.5(c), 

with SiOx-PVDF for comparison [52]. After the initial three cycles at 100 mA g-1, there are some 

discharge capacity fluctuations for the SiOx-Lig electrode, which resembled local and global 

fading modes in Si/SiOx/C electrodes as proposed by Choi et al [184]. Basically, both local 

disconnection of cyclable SiOx and crumbling of the entire electrode happened during the initial 

cycles from cycle 3 to cycle 50. As the cycling continued, there is a slight gain in discharge 

capacity, which stabilized at ~900 mAh g-1 until cycle 250. This was observed in several previous 

reports with carbon coated SiOx as electrodes and may have been results of utilization of 

previously unreached Si or a slow activation process [60, 61, 185]. Overall the long-term cycling 

performance of the SiOx-Lig composite electrode is extremely stable, and capacity of ~900 mAh 

g-1 was maintained at the end of 250 cycles at a rate of 200 mAh g-1, showing the excellent 

properties of the lignin derived carbon coating and conductive matrix. Comparatively, the 

capacity of SiOx with PVDF as binder faded quickly, reaching 300 mAh g-1 after 200 cycles. The 

rate capability of SiOx-Lig composite was studied at 100, 200, 400, 800, 1600 mA g-1, and then at 

100 mA g-1 again and plotted in Figure 5(d). At a high rate of 1600 mA g-1, the capacity is ~584 

mAh g-1, 64.9% of the 100 mA g-1 values. When the current was switched back to 100 mA g-1, a 

capacity close to the initial capacities was observed, showing the excellent reversibility of the 

electrode. The excellent reversibility and rate capability can be attributed to the flexible carbon 

matrix formed by lignin at a low temperature of 600 °C [126]. 
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 To investigate the electronic conductivity the SiOx-Lig electrode after 5 cycles and after 

250 cycles was studied by electrochemical impedance spectroscopy (EIS), with results shown in 

Figure 4.6. The EIS plots usually consist of a semicircle at high frequency which represents the 

resistance of the electrolyte and charge-transfer, and a Warburg tail at lower frequencies due to 

diffusion-resistance from the electrode material. The high frequency semicircle intercept for the 

electrode after 5 cycles is about 10.3 Ω. After 250 cycles, there is a small increase in the intercept 

to ~15 Ω. Considering the number of cycles, the electrode shows good ability to maintain 

electronic conductivity and electrode integrity. Overall the resistances are small compared to 

similar works with carbon coated SiOx [62, 186].  

 

 

Figure 4.6. Electrochemical impedance spectroscopy (EIS) of SiOx-Lig composite electrode after 
5 cycles, and after 250 cycles. 
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 Top post-cycling (250 cycles) SEM images of the composite electrode was shown in 

Figure 4.7. The images shows that, after extensive cycling, a dense layer of SEI was formed on 

the surface of electrode, was somewhat pressed flat due to coin cell configuration, and changed 

the surface morphology as compared with Figure 4.2(a). No large scale cracks were found in the 

SEM with lower magnification, and only faint cracks was seen in the SEM image with larger 

magnification, pointing to the robustness of the composite electrode formed with SiOx and lignin.  

 

 

Figure 4.7. Post-cycling SEM image of SiOx-Lig composite electrode after 250 cycles (a) lower 

magnification (b) higher magnification. 
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4.4 Conclusions 

A simple method to utilize bio-renewable lignin to prepare a SiOx-Lig composite electrode with 

exceptional electrochemical performance and structural robustness was demonstrated. The 

discharge capacity of the composite electrode can be maintained at ~900 mAh g-1 for over 250 

cycles at a rate of 200 mA g-1. While in my previous studies lignin was shown to form an 

excellent composite electrode with Si NP with high capacity, the capacity retention after 100 

cycles was a moderate 82% [126]. When composited with SiOx however, lignin showed even 

greater potential in accommodating volume changes during lithiation and delithiation. This may 

be because SiOx electrode experiences smaller volumes changes (160%) [164] compared to 

crystalline Si (300%) [187]. Thus, the lignin-derived carbon matrix was more proficient in 

handling the volume changes in SiOx-Lignin electrodes. To the best of my knowledge this is the 

first work incorporating lignin into SiOx-based electrodes with promising results. It is believed 

that the performance of the composite electrode could be further improved by optimizing the ratio 

of SiOx: lignin or adding prelithiation agents into the composite to improve initial coulombic 

efficiency [52, 188]. Specifically, SiOx may be prelithiated with Li in a heated environment, then 

directly mixed with glassy state lignin at >200 °C to produce high initial coulombic efficiency 

composite anode material. 
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Chapter 5 Recent Advancement of SiOx Based Anodes for Lithium-Ion Batteries 

 

Most of the contents of this chapter is to be published as a review paper “Recent Advancement of 

SiOx Based Anodes for Lithium-Ion Batteries”. 

5.1 Introduction 

 

5.1.1 An overview of lithium ion battery anodes 

The state-of-the-art LIBs use graphite as the anode (negative electrode) and Li metal oxides 

(LiCoO2, LiMn2O4, LiFePO4, LiCo1/3Mn1/3Ni1/3O2, etc.) as the cathode (positive electrode), whose 

theoretical capacities are 372 mAh g-1 and less than 200 mAh g-1, respectively. While on the 

cathode side gradual advancements were made [189], on the anode side new materials such as Si 

boasts a theoretical capacity of 4200 mAh g-1 which may contribute significantly to the increase 

of overall capacity. Despite the high theoretical capacity, Si anodes are faced with challenges 

such as high volume variation during lithiation and delithiation (~300%) and unstable SEI which 

leads to low cycling efficiency and capacity retention [25, 131]. Although extensive 

nanostructures [158, 190, 191], coatings [109, 137, 192-194], binders [31, 39, 133], and additives 

[30, 195, 196] have been studied and improvements were seen to a degree, volume variation, 

unstable SEI, and consumption of Li is still inevitable in full-cells thus hindering the practical 

usage of Si [147, 149, 197].    

When the total specific capacity of a battery is evaluated as a function of anode and 

cathode specific capacity, it maybe suggested that for the projected cathode capacity of 200 mAh 

g-1, anode capacities higher than 2000 mAh g-1 reaches saturation and have little effect on the 

overall capacity [38]. In this context SiOx-based anode is particularly promising because of its 

trade off of lower theoretical initial discharge capacity of ~2007 mAh g-1 for longer cycle life 
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compared to Si [198]. During reaction and cycling of Li with SiOx, formation of irreversible Li2O 

and Li4SiO4 decreased the specific capacity, but acted as a volume variation buffer matrix to 

cyclable LixSi which in turn saw improved cycling and capacity retention [163, 181, 182]. 

 This article summarizes the most recent advances of SiOx based nanomaterials with 

details on reaction mechanism, fabrication of SiOx electrodes, and methods to improve SiOx 

electrode performance. Finally, a general outlook is given for using SiOx based electrodes in 

LIBs. 

5.1.2 Characteristics of SiOx-based anode 

 

5.1.2.1 Structure of amorphous SiOx 

 

Amorphous Si suboxides were known for decades and used in a variety of technical applications 

prior to its utilization as anode material for LIBs. The structure of the monoxide phase was 

controversially in early literature, where two main models were preferred. In the random-bonding 

(RB) model by Philipp [199, 200], Si-Si and Si-O bonds are described as statistically and 

randomly distributed throughout a continuous random network of single-phase Si monoxide, 

hence implying a single-phase Si monoxide. In the random-mixture model (RM) it is assumed 

that SiOx contained mixtures of small-domains of Si and SiO2, corresponding to a multi-phase 

mixture [201, 202]. More recently through the help of TEM electron scattering, electron energy-

loss spectroscopy (EELS), and electron spectroscopic imaging (ESI) amorphous Si and 

amorphous SiO2 phases are clearly identified in Si monoxide, pointing out the RM model is 

appropriate to describe its structure [203]. Hohl et al. [178] proposed an interface clusters mixture 

model (ICM) based on previous models and combination of experiments (HRTEM, ELNES, 

XPS, NMR, ESR, etc.) which suggested amorphous SiOx as a frozen non-equilibrium system of 

disproportionation in the initial state. Specifically, Si existed in a number of chemical states, Si0, 
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Si+, Si2+, Si3+, Si4+, and a number of possible atomic chains are possible as shown in Figure 5.1(a). 

Nevertheless, techniques such as XRD, XPS, X-Ray Raman scattering and so on only provided 

the average or spectroscopic information on the structure of amorphous SiO mainly due to the 

limitation in spatial resolution of these conventional methods. Most recently by deploying 

angstrom-beam electron diffraction (ABED) as the main tool and supplemented by synchrotron 

high-energy XRD (HEXRD) and computational simulations, Hirata et al. [48] was able to 

directly experimentally observe the structure of SiOx on the atomic resolution. The reconstructed 

heterostructure model of amorphous SiOx is shown in Figure 5.1(b). This reinforced the 

established theory that in amorphous SiOx, Si and O exists in clusters of Si and SiO2 while 

surrounded by a variety of suboxide-type tetrahedral coordinates at interface regions.   

 

   a     b 

Figure 5.1. (a) A selection illustrating the variety of the possible atomic chains and Si chemical 

states in SiOx. Reproduced from [178], with permission from Elsevier. (b) Reconstructed 

heterostructure model of amorphous SiOx. The inner part corresponds to an amorphous Si cluster 
and the outer part is amorphous SiO2 matrix. The blue, red, and green circles denote Si and O in 

amorphous SiO2 and Si in the Si cluster, respectively. Reproduced with permission [48]. 

Copyright 2016, Nature Publishing Group. 
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5.1.2.2 Electrochemical properties of amorphous SiOx 

Yang et al. was one of the first to systematically study electrochemical properties of amorphous 

SiOx [162], with oxides of varying oxygen content. They showed that SiOx consisted of 

crystalline Si, amorphous SiO, and SiO2 through XPS, and that all SiOx oxides showed reactivity 

with Li. Additionally, it was observed that a decrease in oxygen content in SiOx enhanced the 

reversible capacity and the first cycle efficiency, but reduced the capacity retention upon cycling. 

Subsequently the electrochemical behaviors and mechanisms of SiOx anode for LIBs have been 

reported by several researchers [49, 50, 163, 181, 182, 204, 205]. From these studies varying 

initial charge capacities, discharge capacities, and coulombic efficiencies have been reported, 

likely due to the varying composition of SiOx and experimental conditions. The reaction 

mechanism of SiOx can be summarized in equation 1 as follows according to Yamamura et al. 

[206]: 

4𝑆𝑖𝑂 + 17.2𝐿𝑖 → 3𝐿𝑖4.4𝑆𝑖 + 𝐿𝑖4𝑆𝑖𝑂4                          (1) 

This gives SiO electrode theoretically an initial charge, discharge capacity, and initial 

coulombic efficiency (ICE) of 2615 mAh g-1, 2007 mAh g-1, and 76.7%, respectively. From 

thermodynamics point of  view the electrochemical reaction process of the SiOx component in 

SiOx with Li can be divided into the following  stages [205]: (1) At the initial stages of the 

reaction, Li silicates (Li2SiO5, Li2SiO3, and mainly Li4SiO4) are formed together with metallic Si, 

which corresponds generally to the 0.35-0.5 V potential plateau area of amorphous SiO curve 

shown in Figure 5.2(a). Li4SiO4 is electrochemically inactive as reported in ref. [206], and no Li 

dissolution occurs even at the very high positive potential of 4.0 V vs Li/Li+. Thus, the formation 

of Li4SiO4 results in generation of irreversible capacity, and the silicate acts as a buffer 

component which accommodates volume changes of SiOx due to further alloying of Si with Li 

[166, 207]. The observed capacity of ~600 mAh g-1 in this potential range corresponds well with 
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the theoretical capacity of Li silicates. (2) Secondly, the formed metallic Si react with Li to form 

Li-Si alloys (Li12Si7, Li7Si3, and Li13Si4) that are in equilibrium with Li4SiO4, this is seen in the 

potential range of 0.05-0.35 V (including the capacity contribution from KB and PI additives 

from their experiment) in the amorphous SiOx curve shown in Figure 5.2(a). The capacity 

contribution from metallic Si alone cannot account for the observed 2610 mAh g-1 if excluding 

the ~600 mAh g-1 irreversible capacity of Li silicates, thus indicating the partial decomposition of 

Li silicates to Li2O.  (3) Thirdly, Li4SiO4 is decomposed to form Li2O and Li13Si4. (4) Further Li 

insertion produces Li22Si5 from Li13Si4. (5) Finally metallic Li is deposited.  

In reality SiOx commercially available is a complex mixture of amorphous Si, interphase 

boundary layer (corresponding to Si:O=1:1, or  SiO), and amorphous Si oxide (SiO2). Studies 

have proved that SiO2, although known to be inactive with Li+ and strongly insulating, can in fact 

react with Li shown in equation 2 [182] and equation 3 [204]:     

𝑆𝑖𝑂2 + 𝑦𝐿𝑖+ + 𝑦𝑒− → 𝐿𝑖2𝑂 + 𝐿𝑖 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒𝑠             (2) 

2𝐿𝑖2𝑂 + 𝑆𝑖 → 𝑆𝑖𝑂2 + 4𝐿𝑖+ + 4𝑒                                (3) 

A simplified depiction of reaction of amorphous SiOx with Li comprised of amorphous 

Si, SiO, and amorphous SiO2 in the ratio of 4:2:4 was proposed by Kim et al. [50] and shown in 

Figure 5.2(b), where Li15Si4, Li4SiO4, and Li2O are shown as the main products. A visual 

depiction of SiOx anode during repeated lithiation and delithiation cycles could be presented as 

shown in Figure 5.2(c) [164], where reversible LixSi cores (yellow) are embedded in a matrix 

(orange) consisting of irreversible Li silicates and Li2O. The formation of Li2O phase from SiOx 

is important in a number of aspects. First, Jung et al. [164] suggested through first principles 

molecular dynamics simulation that Li2O phase served  as a fast Li diffusion channel of the 

matrix surrounding LixSi cores, because the Li ions in Li2O diffuse faster by at least 2 orders of 

magnitude than those in Li silicates. A Li2O-rich matrix in lithiated SiOx may maximize the 
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performance of SiOx in terms of both capacity and rate capability. Secondly, Li2O and Li4SiO4 

matrix surrounding LixSi cores acted as volume expansion buffer zones during lithiation and 

delithiation. For the Li15Si4 phase, the volume expansion is approximately 280% [208], much 

larger than the 200% of Li4SiO4 or Li2O [163]. Coupled with the higher densities of Li4SiO4 (2.39 

g cm-3)or Li2O (2.02 g cm-3) compared to Li15Si4 (1.18 g cm-3), this explains why Li4SiO4 and 

Li2O acted efficiently as volume expansion buffers in the cycling of SiOx and resulting improved 

cycling performance [204].  

 

a 
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b 

 

c 

 

Figure 5.2 (a) Typical charge and discharge curves for amorphous SiOx electrode. The 1st cycle 
of SiO/EC:DEC(1:1) + 1 mol L-1 LiPF6/Li cell in the voltage range of 0-1.5 V at 25 °C is shown 

in blue. Charge conditions: a constant current of 15 mA g-1 until a voltage of 0 V. Discharge 

conditions: a constant current of 15 mA g-1 until a voltage of 1.5 V. Reproduced with permission 
[205]. Copyright 2016, Elsevier. (b) The overall schematic model for the reaction of SiOx 

electrode with Li. Reproduced with permission[50]. Copyright 2011, Elsevier. (c) Schematic 

illustration of SiO anode during repeated lithiation and delithiation cycles. Reproduced with 

permission [164]. Copyright 2016, American Chemical Society.  
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5.1.2.3 Effect of disproportionation on SiOx electrochemical properties 

Among Si suboxides, amorphous SiOx is the most common commercially available variety, and is 

usually manufactured with a vapor deposition technique from the gaseous SiO produced by the 

reaction of Si and SiO2 at high temperatures [205, 209, 210]. A notable characteristic of 

amorphous SiOx is its disproportionation into solid nanocrystalline Si particles and solid SiO2 

above ~850 oC [211, 212], although it is also shown to be unstable even at 400-900 ºC by an 

earlier report [213]. Mamiya et al. [211] found that nanocrystalline Si with average particle sizes 

of 4-5 nm started forming at ~850 ºC, and the amount of, rather than size, of the precipitated 

particles gradually increased with annealing time. Si0 and Si4+ valence states found in the 

disproportionated SiOx increased and Si1+, Si2+, and Si3+ states decreased, giving rise to different 

electrochemical properties than amorphous SiOx. The voltage profile for the first cycle lithiation 

of disproportionated SiOx is much closer to that of Si anodes due to the amount of nanocrystalline 

Si formed in the reaction, as shown in Figure 2a. The electrochemical behavior and mechanisms 

of disproportionated SiOx have been reported further by a number of researchers [177, 184, 205, 

214-217]. Park et al. [177] attributed the superior cyclability and reversibility of d-SiOx 

(1000 °C)(disproportionated SiOx at 1000 °C) compared to pristine SiOx and d-SiOx (800 °C) to 

the formation of well-distributed Si nanocrystallites of ca.  5nm and amorphous SiOx matrix. 

However further increase of heat treatment temperature to 1200 °C saw a decrease in 

performance presumably due to formation of excess Si4+-based amorphous suboxide which were 

inactive to Li reaction. Similarly, Hwa et al. [216] observed that disproportionated SiOx heat 

treated at 1200 °C showed almost no capacity because Si nano-crystallites and amorphous SiO2 

were surround by inactive Si-suboxide and could not react with Li. By deploying a mechanical 

ball-milling process, the size of disproportionated SiOx particles decreased and Si nano-

crystallites and amorphous SiO2 was exposed, leading to excellent electrochemical storage and 

cycling properties.  
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Tashiro et al. [217] synthesized amorphous core SiOx nanocomposites with improved 

capacity and cycling performance by rapid quenching plasma spray physical vapor deposition 

(PS-PVD). Under rapid quenching conditions SiOx particles were cooled rapidly to attain smaller 

size and the subsequent disproportionation reaction which directly happened after condensation 

of the SiOx nanocomposites from SiO vapor, altered the particle structure from crystalline to 

amorphous. Diffusivity of such SiOx nanocomposites was estimated to be two orders of 

magnitude higher than that for the bulk SiOx, which facilitated instantaneous nanoparticle and 

composite structure formation. Additionally, the addition of CH4 to SiOx vapor during deposition 

decreased oxygen content in the synthesized SiOx may also have contributed to the enhanced 

electrochemical properties [218].   

The effect of oxygen content on the electrochemical behavior of SiOx anodes was 

systematically studied mainly using film model electrodes due to the easiness of oxygen content 

control [165, 218-220]. By deploying ATR FTIR spectroscopy and XPS analysis, Nguyen et al. 

[218] suggested that an increase in oxygen content of SiOx (0.4≤x≤1.3) led to the decrease of 

reduction of electrolyte but oxides are subject to degradation by acid-etching, resulting in poor 

cycling ability. The use of silanes as electrolyte additive then was shown to be effective in 

forming a protective layered network at the electrode surface, providing preservation of the 

electrode structure and particle connectivity. Kim et al. [220] found that increase in x resulted in 

decrease of the initial columbic efficiency (ICE) largely due to the oxidation of Li-ions such as 

Li2O and Li4SiO4. Cyclability, however, is improved with the increase of the x-values, indicating 

that stress and volume change during lithiation/delithiation are accommodated by the oxide buffer 

around the Si. 

These studies suggest that disproportionation maybe an effective method to alter the 

chemistry in SiOx and improve cycling by forming an enhanced buffer matrix, however additional 
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treatments were required to “activate” the heat-treated SiOx, either by ball-milling, addition of 

additives, or other synthesis alternatives. 

5.1.3 The advantages and challenges of SiOx-based LIB anode 

Table 5.1 compares the properties of graphite, Si, and SiOx anodes for LIBs [38]. Graphite has a 

low theoretical capacity of 372 mAh g-1 while Si had the largest theoretical capacity of the three. 

The large difference in lithiation capacity is also reflected in the volume change of the anode 

materials as Si suffers from massive 280% volume expansion upon lithiation, leading to electrode 

pulverization and loss of electric contact between active materials and active material-current 

collector interface [172]. Furthermore, the large volume expansion often leads to growth of new 

solid electrolyte interface (SEI) on each cycle, which is a Li conducting but electronic insulating 

passivation layer. While the SEI layer is critical for stable cycling of Si-based anodes due to its 

passivating properties, cyclable Li and electrolyte is also consumed during its formation leading 

to capacity fading [221]. This effect is more pronounced in full-cell setups where the amount of 

Li is provided by the cathode oxide material and fixed, wherein the half-cell the Li is provided by 

a Li foil and much more abundant [149]. Although in some studies good capacity retention was 

achieved in Si-based anode full cells [222-224], complicated or expensive synthesis techniques 

makes them questionable in large scale industrial applications. In most other cases, large 

discrepancies between electrochemical performance of Si-based anodes in half-cell and full-cell 

setups were observed, showing that a lot work still needs to be done in the field [147-149, 197, 

225].  

In comparison SiOx-based anode has a lower initial theoretical capacity of 2615 mAh g-1, 

is usually denser, and has a much smaller volume change of ~160% during lithiation/delithiation 

[164]. Smaller volume changes in SiOx-based anodes means capacity loss due to disconnection 

between particles, conductive additives, and binder/current collector are less likely to occur.  In 
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addition, smaller volume changes and the formation of  Li2O and Li silicates from the first cycle 

also prevented direct contact of core Si nanocrystallites with electrolyte, thus resulting in less SEI 

growth in subsequent cycles [226]. Therefore, the inherent long-term cycling performance of 

SiOx is considered superior to that of Si-based anodes. Due to its excellent performance, small 

amounts of SiOx have already been added to graphite as the anode material commercially buy a 

few manufacturers.  

The main drawback for SiOx-based anodes is the low initial coulombic efficiency (ICE) 

resulted from the formation of Li2O and Li silicates in the first cycle. This figure varies in reports 

due to different experimental conditions, typically falls in the range of 65.1-82.1%, and is lower 

than that of Si-based anodes [188]. Recently through pre-lithiation, the ICE of SiOx-based anodes 

was dramatically increased along with enhancement in cycling performance [52, 56, 188, 227-

234]. Further studies into optimization of pre-lithiation conditions may see the low ICE drawback 

tackled and realization of practical SiOx-based anodes with exceptional performance.  

 

Table 5.1 Comparison of anode materials 

 

Anode material C Si SiOx 

Density (g cm-3) 2.25 2.33 2.13 

Volume change (%) 12 280a 160b 

Lithiated phase LiC6 Li15Si4 LixSi, Li2O, Li4SiO4  

Initial theoretical charge capacity (mAh g-1) 372 3579 2615  

Typical initial coulombic efficiency (%) 90-95 77.5-84c 65.1-82.1, 93.8-94.9d 

a The theoretical capacity of Si is based on Li15Si4. 
b From ref [164]. c Based on a number of 

recently published Si-based anode works (not taking into account Si-Graphite composites) [27, 
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114, 133, 150, 158]. d Based on a selection of recently published SiOx-based anode works [52, 56, 

180, 205, 228, 235-239].                          

 Since unlithiated intrinsic Si is a rather poor electrical conductor (≈10-3 cm-1, which 

increases to ≈10-3 cm-1 after lithiation) [240], SiOx-based anodes also suffer from poor electronic 

conductivity leading to limited performance under high rates and potentially reduced cycling 

performance [172]. Nanostructuring to reduce particle diffusion [241], application of carbon 

coatings [242], and doping [243] maybe some of the techniques to alleviate this problem and is 

further discussed in detail. 

 

5.2 Fabrication of SiOx based nanostructured electrodes and their electrochemical 

performance as LIB anodes 

As described briefly above, although SiOx displays promising results as LIB anode due to its 

composition, problems in capacity retention, Si utilization, and low ICE still needs to be 

addressed. In this section, we highlight some of the strategies which addresses these setbacks and 

improves the performance of SiOx electrodes, such as (1) SiOx/C composites, (2) Si/SiOx core-

shell composites, (3) SiOx/CNF, SiOx/CNT, and SiOx/Graphene, (4) Si/SiOx nanotubes, wires, 

and rods, (5) porous SiOx electrodes, (6) Si/others electrodes. 

5.2.1 SiOx/C composite electrodes 

One of the most appealing approaches to for both Si-based and SiOx-based anodes is to form 

core-shell composites by coating the nanoparticles with a conductive layer of carbon or carbon 

matrix. Carbon coatings/matrixes are especially attractive because carbon is (1) highly conductive 

allowing for fast transport and rate kinetics [244]; (2) relative ductility compared to inorganic 
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coatings allowing for accommodation of stress and strain [28]; (3) easy to obtain with a variety of 

techniques and precursors with potential for scale-up synthesis; (4) enables the formation of a 

stable SEI layer. For these reasons, many reports utilized SiOx/C composites for high 

performance electrodes [58, 62, 166-169, 184, 207, 237, 242, 245-256].  

An early report in 2007 by Kim et al. [255] synthesized SiOx/C composite powders by 

mixing pure milled SiOx powders with polyvinyl alcohol and subsequent heat treatment at 900 °C 

under argon atmosphere. The electrode delivered an initial charge and discharge capacity of 1050 

and 800 mAh g-1, respectively with an ICE of 76%, and the capacity remains at 710 mAh g-1 after 

100 cycles. The disproportionation of pure SiOx into Si and SiO2 in the presence of polyvinyl 

alcohol at 900 °C was confirmed by X-ray power diffraction (XRD) and transmission electron 

microscopy (TEM), which saw the growth of Si crystallite size from 1-2 nm to 3.6 nm, as 

estimated by Debye-Scherrer formula. A few reasons contributed to the enhanced performance of 

the composite SiOx/C electrode. First, reduced particle size of SiOx by ball-milling helped to 

increase the mechanical stability. Secondly, the carbon from resulting from polyvinyl alcohol 

provided better electrical contact during cycling. Thirdly, the electrode material remained in an 

amorphous state during the lithiation/delithiation reaction, and this helped to maintain the 

integrity of the electrodes. Liu et al. [252] similarly synthesized SiOx/C composite anode with 

milled SiOx and coating by chemical vapor deposition (CVD) instead of pyrolysis method, which 

delivered first-cycle charge and discharge capacities of 1225 and 546 mAh g-1 (44.5% ICE), 

respectively. The specific capacity at 0.15 A g-1 can be maintained above 620 mAh g-1 after 50 

cycles with a capacity retention rate of 88%. It was found that C-coating of sub-µm SiOx particles 

in a fluidized-bed CVD process produced nano-porous SiOx/C composite secondary particles that 

contained randomly distributed pores thus allowing accommodation of volume expansion.  
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While many of the reports synthesized SiOx/C composite electrodes using 

commercialized SiOx powder and graphite or organic carbon precursor, wet chemistry routes 

were also reported by several groups using siloxane (e.g., tetraethoxysilane, TEOS) as the Si 

source [167, 237, 256, 257]. Wang et al. [169] prepared precursor solution of SiO2 nanoparticles 

by a modified Stöber method using TEOS, absolute ethanol, and ammonia as the starting 

materials. To form Core-shell SiOx/C nanocomposites, epoxy resin as carbon source was then 

added into the SiO2 microemulsion followed by pyrolysis. The SiOx/C composite electrode, 

comprised of Si clusters and well-ordered SiO2 domains delivered highly reversible specific 

capacity of (~800 mAh g-1), excellent cycling stability and good rate-capability. To further simply 

the synthesis process of SiOx/C composite electrode and improve yield of SiOx/C particles, Lv et 

al. [245] devised a one-pot synthesis method to prepare SiOx/C composite as shown in Figure 

5.3(a). High concentration colloidal silica solution was mixed with sucrose as carbon source to 

form a slurry, which was ball-milled to avoid agglomeration in high concentration environment 

and then pyrolized to form the final product. The derived SiOx/C composite showed initial cycle 

charge and discharge capacities of 1475 and 1015 mAh g-1 (68.8% ICE), respectively, and the 

capacity remained above 820 mAh g-1 after 100 cycles. Li et al. [167] reported synthesis of sugar 

apple-shaped SiOx/C nanocomposite spheres by replacing the silicate sol-gel process with organic 

resorcinol/formaldehyde sol-gel process as shown in Figure 3b. First, resorcinol/formaldehyde 

coupled with positively charged cetyltrimethyl ammonium bromide (CTAB) micelles to form 

CTAB-coated micelles via electrostatic interaction, acting as a soft template. Polysiloxane and 

resorcinol/formaldehyde further condensed at the soft template surface via electrostatic 

interaction, leading to the formation of an outer layer sphere coating on the 

resorcinol/formaldehyde core. After annealing, the resorcinol/formaldehyde polymer was 

transformed into carbon while polysiloxane was transformed into SiOx, giving a nanostructure 

that truly resembled sugar apples. Due to its unique interconnected structure with interparticle 
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voids, the composite maintained discharge capacity of up to 550 mAh g-1 at 100 mA g-1 after 400 

cycles.  

 

 

Figure 5.3. (a) Schematic representation of the fabrication process for SiOx/C composite. 

Reproduced with permission [245]. Copyright 2015, Elsevier. (b) Preparation process of sugar 

apple-shaped SiOx/C spheres. Reproduced with permission [167]. Copyright 2015, Elsevier. 
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Recently Cui et al. [62] reported the synthesis of SiOx/C composite from renewable rice 

husks via aluminothermic reduction. Silica, which naturally exists as nanoparticles, is assimilated 

from soil in the form of silicic acid during the growth of rice and uniformly deposited on the cell 

wall material as a polymer of hydrated and amorphous silica, as shown in Figure 4. Rice husks 

powder were carbonized after pretreatment, activated with ZnCl2 to obtain porous carbonized rice 

husks powder, then directly reduced using Al powder to obtain porous SiOx/C samples. The 

composited showed excellent cyclability maintaining 1230 mAh g-1 at 100 mA g-1 rate, and 

capacity retention of 98.1% after 200 cycles, which was superior to several SiOx/C composites 

synthesize via TEOS precursor route [167, 245, 256]. The low ICE of 45.04% was mainly 

ascribed to the generation of excess Li4SiO4 and Li2O. The utilization of bio-renewable resources 

brings new perspectives into synthesis of low-cost SiOx/C composites with high performance. In 

conclusion, SiOx/C composites are promising through means of facile synthesis routes resulting 

in low fabrication costs and potential for scale up. Carbon coatings and matrix also increases 

inter-particular connection of SiOx while providing high electronic conductivity, allowing for 

good cyclability and rate capability. But carbon coatings does not adequately address the problem 

of low ICE, as most ICEs of SiOx/C composites mentioned in this section are lower than 60%, 

severely hindering their practicability in commercial applications [234]. 

 

Figure 5.4. Synthesis of SiOx/C composites from rice husks. Reproduced with permission [62]. 

Copyright 2016, Elsevier. 
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5.2.2 Si/SiOx core-shell nanocomposite electrodes 

Another potential morphology is the Si/SiOx core-shell composite which may provide more 

stability for cycling Si and prevent separation unlike soft matrixes such as carbon [258]. As early 

as 2007, Zhang et al. [258] synthesized a Si/SiO core-shell nanocomposite by coating Si 

nanoparticles with sol-gel and following heat treatment. The composite showed better cycling 

properties than pure Si as the SiO layer can form Li silicates, serving as a buffer to alleviate 

volume expansion of the Si nanoparticles. Combining soft carbon coating with SiOx coating, Hu 

et al. [259] synthesized Si@SiOx/C nanocomposite by hydrothermally carbonizing the mixture of 

Si nanoparticles, glucose, and water, with the TEM images shown in Figure 5.5. The specific 

capacity of the composite can be maintained at 600 mAh g-1 after 200 cycles at a high specific 

current of 1 A g-1. Both SiOx and carbon acted as volume expansion zones and contributed to the 

long cycle life.  Another multi-layered Si/SiOx/SiO2 nanocomposite was synthesized by Dai et al. 

[260] using SiCl4 as the Si precursor and sodium potassium alloy (NaK) as the reducing agent. 

The specific capacity at 200 mA g-1 can be maintained at 600 mAh g-1 after 350 cycles with a 

high coulombic efficiency of >99% owing to its unique nanostructure.   
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Figure 5.5. TEM images of the Si@SiOx/C nanocomposite. a) overview of the nanocomposite 

and a TEM image at higher magnification (insert) showing uniform sphere-like particles. b) 
HRTEM image clearly showing the core/shell structure. c), d) HRTEM image displaying details 

of the Si nanoparticles coated with SiOx and carbon. Reproduced with permission [259]. 

Copyright 2008, Wiley and Sons. 

 

 Similarly Lee et al. [261] synthesized highly stable multi-component Si-SiO-SiO2 

particles with Si/SiOx core and a crystalline SiO2 shell from commercially available SiOx bulk 

particles via a thermal annealing process in the presence of sodium hydroxide (NaOH). Both the 

Si and the SiO2 crystalline sizes formed increased with an increasing amount of NaOH. When 

coated with a carbon layer via thermal decomposition of acetylene gas, the multi-component 

particles showed excellent cyclability with a capacity retention of 99.5% after 200 cycles with a 

reversible charge capacity of 1280 mAh g-1. Recently, Park et al. [235] sought to increase both 

capacity retention and ICE by synthesizing Si nanocrystal-embedded SiOx nanocomposite. The 

duals-size Si/Si-SiOx composite were prepared by simple addition of commercial Si nanoparticles 
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during a sol-gel reaction of triethoxysilane followed by heat treatment at 1000 °C. 

Triethoxysilane decomposed into a Si/SiOx layer 20-30 nm thick encompassing Si nanoparticles 

after the heat treatment. The addition of Si nanoparticles into the Si/SiOx nanocomposite 

significantly increased ICE to 59.2%-73.6% (dependent on Si nanoparticle size), higher than that 

of 47.6% of Si/SiOx alone. The dual-size composites also displayed good cyclability, retaining up 

to 1500 mAh g-1 even after 100 cycles. It was also shown that a carbon coating could further 

enhance capacity retention by ensuring good electrical conduction. In summary, creating Si/SiOx-

based nanocomposites through wet chemistry routes can be attractive, however the bulk Si in the 

composite core still contributed to capacity loss due to volume expansion and pulverization. 

5.2.3 SiOx/CNF, SiOx/CNT, and SiOx/Graphene electrodes 

Si/carbon nanofiber(CNF) composites have been studied due to the high conductivity, mechanical 

strength, ductility, and long aspect-ratio of carbon nanofibers [262-264]. It is also utilized in 

SiOx-based electrodes as Hanai et al. [265] prepared ball-milled SiOx and carbon nanofiber 

composite electrodes with a reversible capacity of 700 mAh g-1 after 200 cycles. They concluded 

flexible CNFs may function as good electronic contact, and secondly, act as an effective buffer 

matrix for the volume change of LixSi by cycling. Recently Zhang et al. [51] demonstrated that 

high energy ball-milled SiOx showed superior electrochemical performance of an initial capacity 

of 1416.8 mAh g-1, with coulombic efficiency ≥99.8% and capacity retention of 83.6% even after 

100 cycles when the conductive agent was optimized to contain vapor grown carbon fibers 

(VGCF) along with KS-6 and Super P carbon black. Carbon nanotubes (CNTs) offer excellent 

conductivity, high surface area, and mechanical flexibility, and have also been examined in 

composites with SiOx. In 2010 Ren et al. [266] prepared a SiOx/graphite/CNT composite 

electrode that exhibited an initial discharge capacity of 790 mAh g-1 with an ICE of 65%. After 

100 cycles, a reversible capacity of 495 mAh g-1 was retained, which is superior to that of bare 
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SiOx electrode. Carbon nanotubes served as excellent volume expansion and contraction buffer 

for SiO and SiO/graphite particles. Post-cycling SEM analysis also revealed that relatively 

compact and homogeneous SEI layers were formed on the surface of SiOx/graphite/CNT 

electrode and no cracks appeared. In 2016 they further improved the composite performance by 

combining multiwalled carbon nanotubes (MWCNT) and N-doping, achieving a stable discharge 

capacity of 620 mAh g-1 at 100 mA g-1 rate after 450 cycles [186]. MWCNTs served as a highly 

conductive and porous scaffold facilitating electron transport, while N-doped carbons improved 

the electric contact between SiOx/MWCNT particles and prevented the physical and 

electrochemical agglomeration of SiOx. SiOx/CNT&CNF by Li et al. [267] and 

SiO@CNF&graphite by Hou et al. [170] showed also showed good electrochemical 

performances. 

 Besides CNFs and CNTs, graphene is another highly promising candidate to enhance 

SiOx electrochemical performance due to its mechanical flexibility, chemical stability, and 

excellent conductivity [268]. Nguyen et al. [269] first reported on carbon fiber-interwoven 

amorphous nano-SiOx/graphene composite prepared by a simple room temperature synthesis of 

amorphous SiOx nanoparticles using silica, followed by their homogeneous dispersion with 

graphene nanosheets and carbon fibers in aqueous system. TEM and SEM images revealed that 

SiOx nanoparticles 20-30 nm in diameter and graphene sheets were interwoven with carbon fibers 

into secondary particles of 200-300 nm in diameter. As a result of this interconnected 

nanoparticle-conductive bedding nanostructure the composite exhibited impressive cycling 

performance, delivering discharge capacities of 1263-1579 mAh g-1 at the C/5 rate with capacity 

retention of 80% over 50 cycles. Guo et al. [55] combined carbon coated SiOx with reduced 

graphene oxide (RGO) into SiOx/C@RGO nanoparticles. Through FE-SEM the authors observed 

the insertion of SiOx/C nanoparticles into disorderly stacked layer-by-layer RGO and by TEM 

adherence or embedding of SiOx/C nanoparticles to RGO layers.  The SiOx/C@RGO anode 
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delivers a capacity of 2402.9 mAh g-1 in the first charge and 1225.5 mAh g-1 in the first discharge 

process. The rather large capacity was attributed to enhanced surface area (additional storage of 

Li-ions in the defects) or stacking of the nanoscale composites [55]. A high reversible capacity of 

1264 mAh g-1 was observed after 400 cycles, which is 84.3% of the fifth cycle. The authors 

attributed the good electrochemical performance to the 3D conducting network formed by RGO. 

Further SiOx/graphene composite by Yuan et al. [270] and SiOx/RGO composite by Bai et al. 

[171], showed good electrochemical performances and confirmed the effectiveness of graphene in 

facilitating electron and Li ion transport and mechanical durability in composites of such kind.  

5.2.4 Si/SiOx nanotubes, wires, and rods as electrodes 

Nanotubular structured Si bear a great potential to be applied in LIBs because the axial void 

buffer naturally provides additional space for expansion during lithiation and delithiation, and 

thus preventing the pulverization of Si [40, 45].  In addition, the Li diffusion length is greatly 

reduced for the nanostructures with high aspect ratio, allowing for fast ion transfer and rate 

kinetics. These advantages also hold true for SiOx tubular nanostructures. In 2012 Guo et al. 

[271] first synthesized hollow tubular SiOx by using cellulose fibers as template. TEOS and sol-

gel precursors were slowly suction filtered in sequence through a piece of cellulose filter paper to 

ensure adequate growth of nanometer-thick SiOx layer on cellulose fibers, after which the entire 

filter paper was heat treated at 650 °C for 6 h to remove the original paper template. The obtained 

white sheets composed of SiOx nanotubes was tested electrochemically, which showed discharge 

capacities of 810 and 740 mAh g-1 at the current densities of 200 and 500 mA g-1, respectively. 

Stable discharge capacities of 940 mAh g-1 and the coulombic efficiencies of 98.7-99.5% were 

obtained at the current density of 100 mA g-1.  The Park group developed a novel method to 

synthesize large-scale interconnected Si/SiOx nanowire anodes for LIBs via thermal 

disproportionation of SiO with metal-catalyzed Si nanowire growth [272]. Bulk SiOx particles 
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were first disproportionated into Si nanocrystals and SiO2 matrix, then coated with Ni 

nanoparticles to act as nucleation sites for Si nanowire growth via vapor-liquid-solid (VLS) 

mechanism. Through this method, lab-scale mass production of >10 g Si/SiOx nanowires a few 

hundred nanometers in width and tens-of-micrometers in length can be obtained in one batch. 

When coated with carbon, these nanowires showed first cycle charge and discharge capacities of 

2360 mAh g-1 and 1570 mAh g-1, respectively, with an ICE of 66.5%. Highly stable cycling of the 

electrodes was seen at 0.1 C, and 0.2 C for 150 cycles without significant capacity loss. Even at a 

high rate of 10 C, specific capacity of 1180 mAh g-1 was recorded, highlighting the influence of 

nanowire nanostructure on improving rate kinetics. In 2014 the Park group further developed a 

catalyst free method to synthesize the Si/SiOx nanowire anodes by a simple evaporation of Si 

monoxide and substrate temperature control, as catalysts can be a source of contamination in 

nanowire based devices [273]. The growth of Si-SiOx nanowires directly on Cu substrate in a 

three heat zone furnace without catalysts can be generally described as an oxide-assisted growth 

mechanism, although with details not yet fully understood [274, 275].  The Si/SiOx nanowire 

anodes showed excellent electrochemical performance, with a reversible capacity of ∼1000 mAh 

g−1 even at a high-rate of 5 C (1 C = 3.7 A g-1). Another SiOx nanowire synthesis method was  

proposed by Li et al. [61] using self-sacrifice of bimodal mesoporous silica (BMS). Under the 

effecting of amine vapor etching, Fe3+ from FeCl3 were loaded in the pores of BMS and acted as 

catalyst for SiOx nanowire growth on the surface of BMS spheres along the direction of (001) 

crystal plane. They also synthesized p-SiO2 NPs (porous silica nanoparticles), pC-p-SiO2 NPs 

(porous silica nanoparticles with porous carbon coating), nC-SiOx NWs (SiOx with no carbon 

coating), and pC-SiOx NWs (SiOx nanowires with porous carbon coating) for comparison as 

shown in Figure 5.6. The pC-SiOx NWs synthesized using the self-sacrificial method performed 

substantially better and retained 1060 mAh g-1 after 100 cycles, showing the beneficial synergic 

effect of nanowire nanostructure and porous carbon coating. Ren et al. [60] synthesized SiOx 
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nanorod electrodes via a template assisted hydrothermal route followed by heat treatment that 

exhibited a discharge capacity of about 720 mAh g-1 after 350 cycles at a current density of 100 

mA g-1. The excellent results of these 1D SiOx nanostructures confirm the advantages of electrode 

material with long aspect ratio and short Li diffusion length, also the more complicated synthesis 

process and limitations to scale-up needs to be addressed in further works. 

  

 

Figure 5.6. Schematic illustration of different SiOx nanostructures before and after charge-
discharge cycling, indicating that pC-SiOx nanowires have more stable structure during 

electrochemical cycling. Reproduced with permission [61]. Copyright 2017, Royal Society of 

Chemistry. 

 

5.2.5 Porous SiOx electrodes 

Since Si/SiOx experience volume expansions during lithiation and delithiation, generating porous 

structures is an effective method to alleviate detrimental effects from it by providing extra free 
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space. Lee et al. [276] employed three-dimensional porous SiOx as anodes synthesized via 

combination of galvanic displacement reaction and metal-assisted chemical etching. Silver 

nanoparticles that act as catalyst were deposited on the surface of SiOx via a galvanic reaction. 

Subsequently, the silver-deposited SiOx particles were chemically etched to synthesize porous 

SiOx particles, without changing the chemical and physical properties of SiOx. After carbon 

coating, the electrodes delivered high specific capacity of 1520 mAh g-1, a stable cycling 

retention (reversible capacity of 1490 mAh g-1 after 50 cycles), and a high rate capability (74% at 

3 C rate compared to 0.1 C rate). In 2013 Yu et al. [241] enhanced the electrochemical 

performance of pristine SiOx particles by surface etching with NaOH. The SiOx powder etched 

under 1 M NaOH for 2 h as electrodes showed dramatically enhanced electrochemical 

performance, maintaining 1260 mAh g-1 after 50 cycles. Later the authors developed a new 

approach to synthesize porous SiOx by chemical etching of Si crystallites [277]. Crystalline Si 

and Si oxides from disproportionation of SiOx acted as pore-generating agent and self-template, 

respectively, since etching rates of nano-size crystalline Si and amorphous Si oxides are different 

when etched with NaOH. By controlling etching time, nc-Si were attacked more aggressively by 

NaOH leaving leave pores while SiOx was dissolved only slightly. The porous SiOx electrode 

exhibited a stable reversible capacity of about 1240 mAh g-1 over 100 cycles at 0.2 C. A porous 

SiOx electrode with arrayed mesoporous architecture was developed by Gao et al. [256]. Due to 

the bipolar feature of CTAB molecules, they self-assembled onto the large polyvinylpyrrolidone 

(PVP) solution to form micellar rods with hydrophilic group outside. TEOS was then introduced 

onto the micellar rods as Si precursor and silica precursor with mesoporous structure was 

produced after hydrothermal reaction. Sucrose solution was further introduced to provide carbon 

coating after heat treatment. The mesoporous SiOx with carbon coating showed excellent 

electrochemical performance and stable cycling with 780 mAh g-1 was achieved for more than 

350 cycles. Recently a highly resilient mesoporous carbon coated SiOx anode prepared by oil-
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water templating was reported by Park et al [57]. During the synthesis process, hydrophobic oil 

droplets dispersed throughout triethoxysilane containing the precursor solution was trapped inside 

hydrogen silsesquioxane (HSQ) after completion of the sol-gel reaction of triethoxysilane [57]. 

Oil droplets was important both for the generation of mesopores in the SiOx matrix and to act as 

the precursor for a carbon layer on the surface of porous SiOx. As a result of high porosity, the 

anode exhibited capacity of 730 mAh g-1 and outstanding cycling performance over 100 cycles 

without significant change in structure as observed with SEM. 

5.2.6 Other SiOx electrodes 

A W-coated SiOx/graphite composite anode was developed by Yom et al [236]. Tungsten has 

been applied in various industries because of its superior conductivity (18.9x106 S m-1) compared 

to Ni and graphite [278-280]. The W-coated SiOx/graphite electrode showed a capacity retention 

of 63.2% for 100 discharging/charge cycles whereas the uncoated SiO/graphite electrode 

exhibited a retention capacity of 52%. The W-coated SiOx/graphite electrode also showed an 

undamaged surface with no cracks. Besides W coating, Cr coating was also applied in SiOx 

electrodes [246].  

 Yamamura et al. [281] studied the reduction effect of irreversible capacity on SiOx 

electrode by heat reaction with Fe2O3. The authors reported that low ICE of a-SiOx may be 

because the amorphous structure has an oxygen defect and distortion of SiO4 tetrahedral [206]. 

Therefore for supplying oxygen to SiO under an inert atmosphere to reduce oxygen defects, 

Fe2O3 was chosen because Si has been used as a reducing element for the reduction for reduction 

of Fe2O3 in the steel industry [282]. When the molecular ratio of SiO: Fe2O3=1:0.2, an uniform 

Fe2SiO4 layer 50-100 nm thick was formed on Si surface. The performance of this SiOx+ Fe2O3 

material showed that the Li-insertion capacity was 2095 mAh g-1, the Li-extraction capacity was 
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1900 mAh g-1, and the charge-discharge efficiency had significantly improved from 70% to 90%. 

More studies would be required for the exact mechanism of this heat treatment.  

 Zhang et al. [226] developed a novel SiOx/SiOy bilayer nanomembrane which exhibited a 

reversible capacity of about 1300 mAh g-1 at a current density of 100 mA g-1, an excellent 

stability of over 100 cycles, as well as good rate capability. The design of rolled up alternating 

layers of Si-rich and O-rich SiOx allowed for high capacity, fast Li ion transport, and good 

volume expansion resistance. The design is also attractive because it is based on industry-

compatible think film deposition techniques.  

 Homma et al. [283] studied the effect of CH4 addition into Si/SiOx production by plasma 

spray physical vapor deposition (PS-PVD). The addition of CH4 into precursor vapor was 

effective in lowering energies of Si(g) so it became the most stable Si-containing phase, in effect 

promoting SiO reduction and thereby increasing the volume of core nc-Si allowing higher 

specific capacity of the composite. However, as a result of CH4 addition at high temperatures a 

SiC inactive phase was formed and an optimal C/Si ratio was necessary to realize the best 

electrochemical performance. The amount of CH4 addition at C/Si=0.25 seemed to be in the 

optimal range to produce an enlarged nc-Si core with reduced SiOx shell while suppressing 

inactive SiC formation. 

5.3 Effect of other LIB components on SiOx-based anode performance besides 

nanostructuring 

The optimal design of nanostructured SiOx electrodes are not the only factor in the final 

electrochemical performance of the assembled LIBs. In this chapter, some other variables and 

conditions that influence the performance of SiOx electrodes are reviewed. 
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5.3.1 Effect of additives on SiOx electrode performance 

A common problem associated with Si and SiOx based electrodes are the growth of a SEI layer by 

reductive decomposition of the electrolyte solution during charge process [195, 282], and 

continuous growth of that SEI film due to continuous crack formation after the first charge-

discharge cycle, exposing new surfaces to the electrolyte. To address this problem in 2006 Choi 

et al. [195] studied the effect of fluoroethylene carbonate (FEC) on Li/Si thin film cell 

electrochemical performance. The ICE for the cell with 3 wt% FEC additives was improved from 

87.8 to 88.7%, and notably discharge capacity retention from 67.9% to 88.5% at end of 80 cycles. 

The addition of FEC additive produced a less porous surface structure after cycling, and thus 

decreased total surface area exposed to electrolyte for side reactions. Through XPS analysis it is 

identified that electrodes with FEC additives formed more stable SEI components such as LiF and 

-Si-F compounds, while electrodes without FEC additives formed less stable surfaces such as 

LiPxFy and ethylene carbonate (EC)-derivatives [195]. Since the report FEC additives have been 

utilized in a wide range of Si-based electrode studies. Vinylene carbonate (VC) is another 

effective additive primarily targeted at graphite electrodes [284], but also utilized for Si-based 

electrodes by Chen et al [30, 285]. Although less LiF is formed in VC containing electrolyte cells 

which may contradict the effect of FEC additives, higher intensity of XPS peaks attributed to 

SiOx was also observed in VC containing electrolyte cells compared to VC free cells, hinting that 

stabilizing effect of SiOx maybe one of the reasons for the enhancing effect of VC [285].  

 Because SiOx-based electrodes is in effect nanocrystalline Si surrounded by SiOx matrix,  

FEC [59, 168, 228, 273, 277], VC [207, 248, 286], or a combination of FEC and VC [51, 60, 186, 

287] as additives were commonly seen in the literature after 2006 in half cells for its stabilization 

properties. Interestingly, there are also many reports where additives were not used at all [52, 56, 

57, 61, 185, 188, 217, 270, 283] for SiOx electrodes while it has became the norm for Si 
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electrodes. The sensible reason behind this is that in Si-based anodes only a thin layer of native 

SiOx thick exists and it is not enough to withstand the large volume expansions of Si during 

lithiation/delithiation. In SiOx-based electrodes Si does not exist as a bulk crystal, but often were 

uniformed dispersed in an inactive SiOx matrix much more robust and thicker than Si-based 

anodes so only a small fraction of pure Si could be directly exposed to electrolyte leading to side 

reactions. In this case the effect of additives in performance enhancement of SiOx electrodes 

could be much less significant than in Si electrodes, although no comprehensive study was 

conducted on the matter. However Hu et al. [259] compared the electrochemical performance of a 

Si@SiOx/C electrode with and without VC additives, where the electrode performance was 

substantially improved with VC addition. They attributed the results to the mechanically and 

electrochemically stable SEI layer formed due to the existence of both a SiOx layer and 10-20 nm 

thick carbon shell.  

 Table 5.2 summarized some recent studies where SiOx full cell performance was 

evaluated to study various variables. It could be seen that additives were used in only a few 

studies. Specifically, VC was added to the electrolyte for the high temperature SiOx full cell 

studies in ref [286] because its  proven effectiveness in enhancing cycling life of LIBs under 

elevated temperature conditions [284, 288, 289]. In the rest of the studies SiOx full cells without 

additives still performed well. It might be interesting to see further work exploring the 

effectiveness of additives in SiOx electrodes with regards to different nanostructured geometry, 

Si/O ratio, and existence of C coatings. 

A non FEC/EC siloxane forming additive tris(2-methoxyethoxy)vinylsilane (TMVS) was 

studied by Nguyen et al. [218]. It was found through ex situ ATR IR spectroscopy that the use of 

TMVS additive induced thickening of the SEI layer by mainly organic compounds (e.g., alkyl 

carbonate and carboxylate salts) and Li2CO3. They believed the surface siloxane network 

constructed at the electrode surface provided the effect of surface protection from acid attack. 
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With TMVS additive, SiOx particles also appeared aggregated and interconnected with little 

cracking, indicating that TMVS is also effective in providing mechanical robustness. Together 

improved electrochemical performances were observed for cells with TMVS additives.  

5.3.2 Effect of non-conventional binders on SiOx electrode performance 

Si electrodes works poorly with traditional poly(vinylidene fluoride) (PVDF) binders, as a result a 

number of binders has been evaluated for Si electrodes, including sodium carboxymethyl 

cellulose (NaCMC) [39], polyacrylic acid (PAA) [33], polyimide imide [54], and alginate [31]. 

Alginate, a major constituent of brown algae, enables better cycling of Si electrodes by 1) 

inducing only weak interactions between the binder and the electrolyte; 2) providing access of Li+ 

to the Si surface; 3) assisting in building a deformable and stable SEI layer on the Si surface. 

Overall significant electrochemical cycling performance was observed by the development of the 

binders. For SiOx electrodes they were also applied, for example CMC [55, 56] , PAA [51, 57], 

polyimide imide [58, 59], and alginate [60]. PVDF is still used in some SiOx electrode works, 

such as [52, 61, 62]. Guerfi et al. [63] studied the effect of three types of binders, PVDF, CMC-

based water dispersed binder (WDB), and polyimide on SiOx/C or SiOx/C-graphite (1:1 w:w) 

composite electrode electrochemical performance. The average size of the SiOx particles was 7 

µm. The highest 1st cycle reversible capacity was found in cells containing polyimide (1026 mAh 

g-1), followed by WDB (817 mAh g-1) and then PVDF (472 mAh g-1). The cell with WDB had the 

highest 1st cycle CE, followed by polyimide and then PVDF. Through cross section in situ SEM, 

obvious disintegration of SiOx particles and cracks due to cycling was observed for both 

electrodes. 
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Table 5.2 Summary of SiOx-based full cell studies 

      

Anode 

material 

Cathode 

material 

Electrolyte

+additive 

Specific 

capacity 

(mAh g-1) 

Primary 

research focus 
Current 

density 

Cycle 

Numbe

r 

Capacity 

retention 

Ref 

Ni, Fe, Ti-

doped SiO 

Li0.8Mn0.8Ni0

.2O2.2 

EC/DEC 

(3:7 v:v) 

1260 

(anode) 

Effect of 

metal doping 

1 C 400 

82% (SiO-

Ni) 
[243] 

SiO/C thin 

film 

Li1/3Co1/3Mn

1/3Ni1/3O2/Li

CoO2 (7:3) 

EC/DEC 

(3:7 v:v) 

400-

2100(Ano

de) 

Performance 

of carbon 

coated SiO 

0.5 C 100 10-50% [250] 

SiO LiFePO4 

PC/GBL 

(1:2 v:v) 

150 

(Cathode) 

Performance 

of heat treated 

SiO 

0.2 C 600 90% [215] 

SiO/C 

LiNi0.8Co0.15

Al0.05O2 

EC/DEC/E

MC 

254-931 

(anode) 

Cut-off 

voltage and 

1 C 500 25.4-92.4% [290] 
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deterioration 

mechanism 

SiO/C LiCoO2 

EC/DEC 

(1:1 v:v) 

1500 

(anode) 

Li coating 

prelithiation 

on the 

separator 

0.1 C 100 69% [230] 

SiO/C 

LiNi0.8Co0.15

Al0.05O2 

EC/DEC/E

MC 

830-940 

(anode) 

Temperature-

UCV 

dependence 

1C 500 80% [291] 

SiO 

Li1/3Co1/3Mn

1/3Ni1/3O2 

EC/DEC 

(3:7 

w:w)/30% 

FEC 

150 (full 

cell) 

Functional 

conductive 

binder, SLMP 

prelithiation 

C/3 100 73% [66] 

SiO-Li 

LiNi0.8Co0.15

Al0.05O2 

EC/DEC(1:

1 w:w)/5 

wt% FEC 

165 

(cathode) 

Scalable 

prelithiation 1 C 100 61% [228] 
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technique 

effect on ICE 

SiO/Si LR-NMC 

EC/DEC 

(1:1 

v:v)/VC/M

B 

150 

(cathode) 

Pairing of 

irreversible 

capacity of 

anode/cathode 

0.5 C 165 88% [286] 

SiO/Li 

powder 
LiCoO2 

EC/DEC 

(1:1) 

1012 

(anode) 

Prelithiation 

by SiO/Li 

powder 

reaction 

C/50 15 74.7% [56] 
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The authors confirm that there is difference in electrochemical performance when different 

binders were used with SiOx, however a limited number of cycles and fixed SiOx size was 

reported in the study. Komaba et al. [64] studied the effect of PAA, CMCNa, poly(vinyl alcohol) 

PVA, and PVDF binder on SiOx cycling with a larger number of cycles. PAA binder showed the 

best performance as the reversible capacity reached 700-750 mAh g-1 for 50 cycles at a rate of 

100 mA g-1. SiOx particles with the three other binders lost almost all of its capacity after 50 

cycles. Through synergized analysis of XRD, electron microscopy, XPS, IR, and adhesive 

strength test, the authors attributed the good results to amorphous PAA being not only able to 

tightly bind, but also cover individual SiOx particles. Additionally, PAA binder had a suppressing 

effect on electrode deformation compared to the PVDF binder. The schematic illustration is 

shown in Figure 5.7. In 2013 Feng et al. [65] also studied alginate, CMC, and PAA binder 

performance with SiOx/C or SiOx  electrodes and confirmed their beneficial effect in enhancing 

capacity retention due to their amorphous structure and high adhesion strength related to ester-

like bonds. The best performance was seen when SiOx/C electrode was combined with alginate or 

CMC binder.  

 Another non-conventional binder worth mentioning is functional conductive polymer 

binder poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM) [66]. The polar 

ester functional group, which is designed for the adhesion with the SiO2 surface, is especially 

suitable for SiO electrode material because it forms chemical bonding with the hydroxide 

terminated SiO2 surface on via a trans-esterification reaction. Thus, the highly conductive 

polymer binder solves both the problem of low conductivity of SiOx material and disconnection 

between active material and binder due to excessive volume change. As a result, reversible 

capacity of 1000 mAh g-1
 for over 400 cycles with a 2% to 10% PFM was realized in the half cell. 

By using the conductive polymer binder PFM, the loading of active material SiOx in the anode 

could be up to 98%, which realized capacities ~3 times higher than graphite in half cell. With 



 

110 

 

 

addition of SLMP prelithiation Li powder, a SiOx/NMC full cell was able to maintain a reversible 

capacity of ~110 mAh g-1 after more than 100 cycles at C/3, highlighting excellent properties of 

the binder.  

In summary, development and systematic studies of non-conventional binders are 

important in harnessing the full potential of SiOx electrodes. While non-PVDF binders exhibited 

enhancement in many SiOx electrode reports, they do not explain the good performance of SiOx 

with PVDF in other studies [52, 61, 62]. Whether non-traditional binders are superior likely 

depends on the Si distribution, degree of disproportionation, nanostructure, and surface 

modification of the SiOx particles. 

  

Figure 5.7. Schematic illustrations of the proposed mechanism for the improved cyclability for 
the SiO powder composite electrodes; (a) PVDF and (b) PAA binders. Reproduced with 

permission [64]. Copyright 2011, American Chemical Society. 
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5.3.3 Effect of doping on SiOx electrode performance 

Heteroatom doping in carbons can increase Li storage by creating defects, which may serve as 

active sites for Li storage. Nitrogen-doping (N-doping) also leads to increase of d-spacing 

between graphitic layers, which facilitates the transport of Li [292]. Additionally, N-doping could 

enhance the electronic conductivity of carbon, enhancing rate capabilities of carbon materials as 

anodes [293]. As such, N-doped graphene for ultracapacitors [294], N-doped multiwalled carbon 

nanotubes for Li storage [292], N-rich carbons derived from protein for ultra-high capacity anode 

and supercapacitor [293], and N-doped carbon nanosheets from silk for anodes and 

supercapacitor [295] have been developed.  

 Because carbon coatings are important in SiOx electrodes as it provide high conductivity, 

surface protection, and a ductile matrix to accommodate volume change, it is a natural step to 

study doped carbon coatings as a means to enhance SiOx electrode performance. Lee et al. [168] 

first reported N-doped carbon coatings on SiOx particles by using a nitrogen-containing ionic 

liquid (IL), 1-ethyl-3-methylimidazolium dicyanamide (EMI-DCA) as nitrogen precursor 

material. The initial reversible discharge capacities are 1258, 1429, and 1496 mAh g-1 for bare 

SiO, C-SiO, and N-doped C-SiO respectively, corresponding to ICE of 58.4, 72.3, and 73.9%. 

Long term cycling retention was also improved, as NC-SiO showed 955 mAh g-1 after 200 cycles 

when cycled at 1 C, whereas C-SiO and bare SiO showed 813 mAh g-1 and 545 mAh g-1 

respectively. While the difference between bare SiO and carbon coated SiO is expected, the 

capacity difference of 142 mAh g-1 between N-doped C-SiO and C-SiO is noteworthy. The 

authors attributed the results to enhanced electronic conductivity originating from C-N and C=N 

bonds which was observed by XPS, and was shown previously to increase electronic conductivity 

via excess electrons at nitrogen sites [294, 296]. EIS measurements also confirmed the increased 

conductivity, as the charge transfer resistance for the N-doped C-SiO was smaller than C-SiO 
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during initial cycles and the discrepancy enlarged after further cycling. Wang et al. [173] 

synthesized binder-free anodes of micro-nano Si/SiOx with N-doped carbons by using 

polyacrylonitrile (PAN) as nitrogen precursor. SiOx particles was thoroughly mixed with PAN to 

form a viscous slurry to be coated on Cu substrate, then dried and post-annealed to obtain the 

composite electrode. The composite electrode showed excellent electrochemical performance 

with a high initial reversible capacity (2734 mAh g-1 with 75% ICE), stable cycling (988 mAh g-1 

after 100 cycles), and good rate capability (800 mAh g-1
 at 1 A g-1 rate). Shi et al. [180] developed 

a scalable method to synthesize core-shell SiOx/N-doped carbon composite with excellent 

electrochemical performance. Dopamine hydrochloride was polymerized in the presence of 

oxygen onto SiOx as N-doped carbon precursor. The composite electrode delivered a reversible 

capacity of 1514 mAh g-1 after 100 cycles at a current density of 100mA g-1 and 933 mAh g-1 at 2 

A g-1.  

Woo et al. [297] studied the effect of boron doping in SiOx electrode performance by a 

direct spin-on dopants (SOD) technique without boron powder (B2O3) and carbon  coating. The 

boron diffusion in a gaseous phase and disproportionation reaction inside all SiO was 

simultaneous completed in one heat treatment. A Raman shift of Si peak from 508 cm-1 for un-

doped SiO sample to 498 cm-1 for B doped SiO was clearly observed due to the stress applied in 

the surrounding Si atomic structure after B-doping. Based on this the authors suggests that boron 

atoms exist in the form of doping rather than in the form of boron particles. The boron doped SiO 

displayed significantly improved electrochemical performance, with the initial reversible capacity 

being 1804 mAh g-1 with an ICE of 65.1% and less than 10% capacity loss during 100 

charge/discharge cycles. Based on results from EIS measurement, the lower impedance 

coefficient (σω) and Li diffusion coefficient (DLi) of boron-doped SiOx compared to un-doped 

SiOx was also calculated and identified. This study shows that boron-doping can be just as 
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effective as carbon coatings in SiOx anodes by strongly influencing the electronic conductivity 

and Li diffusion rates.  

5.3.4 Effect of prelithiation on SiOx electrode performance 

One of the main challenges to SiOx electrodes is the low ICE resulting from formation of inactive 

Li silicates, Li oxide, and SEI. In half cell, it is often not a problem as more active material could 

be loaded to reach a certain areal capacity. In full cell, low ICE leads to the consumption of 

excess amount of cathode material to compensate for the first cycle thus significantly reduce 

energy density. Compensating for the low ICE by increasing cathode loading is also impractical 

due to result of kinetic limitations on the cathode thickness and inherently lower cathode capacity 

compared to anode (<200 mAh g-1) [52, 298]. Thus, there is a strong demand to improve SiOx 

LIB overall ICE by preloading anode electrode with excess Li to compensate for its low ICE. 

Yang et al. [299] improved ICE of SiOx anode by in situ mechanochemical reduction with SiOx 

and Li metal. SiOx and Li metal starting material was mixed and ball-milled in an argon filled 

glove box, then heat treated at 500 °C under vacuum for 5 h. The end product is a powder with a 

mixture of phases according to equation 4 [299]: Li2O, Li4SiO4, and Si.  

5𝑆𝑖𝑂 + 6𝐿𝑖 = 𝐿𝑖2𝑂 + 𝐿𝑖4𝑆𝑖𝑂4 + 4𝑆𝑖       (4) 

The advantage of this method is 1) in situ formation of nano-sized Si (<10nm); 2) 

effective buffering of volume changes owing to the existence of Li-rich component matrix; 3) 

high reversible capacity with greatly improved ICE as a result of mechanochemical reduction. As 

a result, the initial charge capacity of the composite electrode reached 770.4 mAh g-1 with ICE of 

81%. In 2009 Seong et al. [234] pre-lithiated carbon coated SiOx electrode by surface coating Li 

powder synthesized from droplet emulsion technique (DET). Subsequently the Li-coated 

electrode was heated at 60 °C for 48 h to induce reaction between Li powder and SiOx. Through 

the pre-lithiating process, rest potential of SiOx/C was lowered from 3.15 V to 1.84 V, along with 
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formation of Li oxide and Li silicates. This pre-lithiation method increased ICE from 67.7% to 

72.8%. The authors further proposed a different pre-doping technique by forming double layer 

anode (DLA) of independent SiOx layer and Li powder layer [233]. Li powder was emulsified in 

DMC and coated onto Cu substrate foil. Then the SiOx layer was placed on top of the Li powder 

layer, separated in between by a Cu mesh. SEM images showed that after the pre-lithiation 

conditioning process the Li powder disappeared, having fully lithiated into SiOx active material. 

As a result of this novel double layer configuration the ICE was dramatically improved from 

54.92% of that of SiOx anode to 101.07% of the Li-SiOx double layer anode.  

Alternatively, a commercial Li powder SLMP was utilized as a prelithiation agent in SiOx 

electrodes. Jarvis and Gao et al. [300, 301] developed a scheme to corporate fine Li metal powder 

into active anode host material (e.g. Si, Sn, tin oxides or composite tin alloys), later developed 

into the commercial product SLMP Li powder. The SLMP Li powder is sealed with a thin layer 

of Li2CO3 to limit the exposure of Li to ambient environment. Upon contact with electrolyte, 

spontaneous partial lithiation of the anode active materials occurs along with SEI formation. This 

prelithiation method greatly reduces Li consumption from the cathode side and increase ICE of 

the whole LIB cell. Therefore, it has been coupled with Si-C nanotube anode [232], graphite 

anode [188, 231], and more recently SiOx anode [66]. SiOx electrode with the PFM binder was 

also examined in full cell setup with Li1/3Co1/3Mn1/3Ni1/3O2 (NMC) as cathode and SLMP 

microsize Li powder as the anode prelithiation agent [301]. The ICE increased from 48% to 90% 

with SLMP, and the SiOx/NMC full cell maintained a reversible capacity of ~110 mAh g-1 after 

more than 100 cycles at C/3. 

Recently Zhao et al. [52, 227, 229] synthesized dry air and ambient air stable Li silicide-

Li oxide (LixSi/Li2O) composites as prelithiation reagents via one step metallurgical process from 

SiO or SiO2 and Li metal foil. The composite revealed a unique structure with homogeneously 

dispersed active LixSi nanodomains in inactive Li2O matrix, which gave the composite 
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exceptional stability in both dry air and ambient air. The superior stability compared to previously 

developed core-shell LixSi/Li2O (Figure 5.8(a) top  row) [229] or LixSi with SEI (Figure 5.8(A) 

middle row) [227] was attributed to the highly crystalline Li2O matrix formed at high temperature  

and the enlarged contact area between Li2O and LixSi as shown in Figure 5.8(A) bottom row and 

Figure 5.8(B). DFT simulations showed that binding energies between O at different positions 

was lower than Li-Si bonds as shown in Figure 5.8(C)(D), therefore, enlarging the contact area 

between Li2O and LixSi has the benefit of stabilization of Li in Li21Si5 nanodomains. 

Furthermore, since LixSi nanodomains are uniformly dispersed in Li2O matrix, smaller 

consequences would be brought to the reactivity of the entire LixSi/Li2O composite by a surface 

breach than to core-shell structured LixSi/Li2O composite. As a result, the composite showed 

excellent performance as prelithiation agent in SiOx anode. The ICE of SiOx: Li-SiOx anode (Li-

SiOx:  LixSi/Li2O composite, Li-SiO:SiO:SuperP:PVDF=10:55:20:15) was increased to 93.8% 

from 52.6% of SiOx control. Based on mass of Si, the retention capacity after 400 cycles was 

~1509 mAh g-1 at rate of C/2. A few reasons contributed to the good capacity retention: 1) LixSi 

nanodomains was pre-formed during LixSi/Li2O synthesis, and sufficient space was already 

created before electrochemical stimuli; 2) Small domain size reduces effect of pulverization or 

squeezing between LixSi, and surrounding Li2O acted as a good mechanical buffer; 3) Li2O 

served as an artificial SEI to reduce side reactions between LixSi and electrolyte.     
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E 

Figure 5.8. Schematic diagrams and DFT simulation showing the advantages of LixSi/Li2O 

composites. (A)Three approaches to stabilize reactive LixSi NPs. (B) The different behaviors of 
LixSi/Li2O composite and LixSi/Li2O core shell NPs under the ambient condition. (C) DFT 
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simulation is performed by cleaving along the (001) plane of Li21Si5 and calculating the binding 

energy between O at different positions in Li2O and Li at the (001) plane of Li21Si5. (D) The table 
shows the binding energy of different bonds. Reproduced with permission [52]. Copyright 2016, 

Proceedings of the National Academy of Sciences. (E) Graphical illustration of prelithiation 

process of c-SiOx electrode and its scalable roll-to-roll process scheme. Reproduced with 

permission [228]. Copyright 2015, American Chemical Society. 

 

Kim et al. [228] developed a novel controlled prelithiation method with scalable roll-to-

roll process, which is shown in Figure 5.8(E). The authors pointed out that a proper degree of 

prelithiation is very critical for stable operations. While insufficient lithiation does not improve 

ICE enough, overlithiation removes the possibility of accepting Li ions during the actual alloying 

reaction in the first cycle. An optimized prelithiation point would be one where the final potential 

does not lead to electrolyte decomposition and SEI formation, but above the potential needed for 

the main alloying reaction. To achieve this goal, The pristine electrode was designed to be 

prelithiated via an electrical short with Li metal foil in the presence of a optimized electrical 

resistance while simultaneously monitoring the voltage between both electrodes [228]. By 

studying a) lithiation voltage profile when different resistances are used; b) OCV of electrodes 

after 10 h relaxation with respect to prelithiation time; c) the first cycle capacities after different 

prelithiation time, the optimal external electrical resistance and prelithiation time could be 

determined. A clear relationship between specific capacity, lithiation time, and ICE was also 

summarized where the ICE could be tuned from 73.6% to 107.9%. Although cycling capacity 

retention rates did not vary due to prelithiation in half cells, the prelithiated electrode showed 

both better ICE and CE in the few following cycles. According to time-of-flight secondary ion 

mass spectrometry (TOF-SIMS), the SEI layer derived from prelithiation is thicker and has more 

inorganic species such as LiF and Li2O, since during the prelithiation protocol current is varying 

as compared to constant current during normal charge process.  
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 Hwang et al. [230] proposed a different prelithiation approach by coating Li onto a 

separator (monolayer Polypropylene (PP)). The SiOx electrode ICE could be adjusted from 66.4% 

to 90.8% by changing the Li prelithiation powder loading from 0 mg cm-2 to 1.5 mg cm-2 in a 

SiOx/C-LCO full cell setup. Post cycling SEM images showed that all the Li powder disappeared 

from the separator and was fully used to compensate for the irreversible loss. The authors also 

showed that the Li coating prelithiation technique could be utilized for graphite and Si electrodes, 

and is effective in raising Si electrode ICE from 67.8% to 86.6%.  

5.3.5 SiOx electrode full cell performance 

SiOx electrodes are very promising in half-cells using Li foil as the counter electrode due to their 

excellent cyclability. Nonetheless, it is essential before commercialization to test their 

electrochemical performance in full cells utilizing high capacity cathode materials as the counter 

electrode. Previous studies on Si based electrodes in full cells have shown that often their full cell 

performance is inferior compared to half-cell performances due to mechanisms as parasitic 

reactions at the anode, Li trapping, or unstable SEI [147, 149, 225, 302]. Table 5.2 summarized 

some of the research effort in studying various aspects of SiOx based anodes in full cell 

environment. 

 Miyachi et al. [243] first co-evaporated SiOx with Fe, Ni, or Ti metal, then an additional 

Li layer on substrate as the anode in an effort to study whether the low ICE of SiOx was due to its 

low electron conductivity. A few conclusions were drawn from the study. First, the capacity 

retention of all the metal-doped SiOx anodes was as high as 82% after 400 cycles with 

Li0.8Mn0.8Ni0.2O2.2 as the cathode. Secondly, the metal doped anodes had ICEs of higher than 

84%, as compared to 50% of un-doped SiOx. Thirdly, Si0 and Si4+
 were the primary Si 2p valence 

states in the metal-doped SiOx electrode. During charge and discharge, the ratios of S0 and S4+
 

changes as a result of lithiation and delithiation. The doped metal makes a percolating conduction 
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patch through the material, greatly increasing its conductivity and also helps the diffusion of Li+ 

in the electrode, easing the changes from Si4+ to Si0 and back. Therefore, the authors drew the 

conclusion that the improved ICE and capacity retention resulted from the increase in 

conductivity as a result of metal-doping.  

 Yamada et al. [250] studied the performance of carbon coated SiOx-carbon composite 

electrode assembled with a mixture  of Li1/3Co1/3Mn1/3Ni1/3O2 and LiCoO2 as cathode. SiOx-

carbon composite was prepared by mechanical grinding and mixing of SiO, graphite, carbon 

fiber, and polyethylene powder (to make pores in the composite), then carbon coating by thermal 

vapor deposition. The SiOx-carbon composite showed best cycling performance, with 700 mAh g-

1 retained after 100 cycles, a capacity retention rate of 85%. As comparison, a simple mixture of 

SiOx-graphite only retained 65% capacity after 100 cycles and pristine SiOx 20% after only 20 

cycles. This study showed that a mechanical mixture of SiOx with high conductivity carbon 

materials and carbon coating is extremely effective in enhancing SiOx full cell performance. 

   Kajita et al. [290] studied the optimal cutoff voltage of carbon coated SiOx anode paired 

with LiNi0.8Co0.15Al0.05O2 cathode and proposed different deterioration mechanism when the cell  

was run under different operating temperatures. Two lower cutoff voltages (LCV), 2.5 V or 3.0 

V, and three upper cutoff voltages (UCV), 4.0 V, 4.1 V, 4.2 V were studied. At 20 °C, all cells 

with lower cutoff voltage (LCV) of 3.0 V had good cyclability at 500 cycles with capacity 

retention rates from 90.7 to 92.1%. Interestingly, at 20 °C with 2.5 V as LCV, cells with 4.0 V 

UCV deteriorated faster than cells with 4.1 V or 4.2 V UCV. This result was contrary to the 

expectation that cells with lower UCV should show better cycling performance because of the 

smaller volume changes and damage to the electrode. At 60 °C, all cells with UCV of 4.2 V 

deteriorated significantly. Based on combined analysis from STEM, energy-dispersive X-ray 

spectroscopy (EDX), electron energy loss spectroscopy (EELS), and dQ dV-1 results, the authors 

proposed that the main deterioration mechanism at 20 °C is the exfoliation of SiOx at low LCV 
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which became a resistance and caused capacity fading. The dominant cause for deterioration at 

60 °C is the decomposition of electrolyte. 

 Yamano et al. [286] evaluated the cell design and safety of SiOx-Si composite anode with 

Li-Rich NMC cathode as full cells. The Li-Rich NMC is a promising cathode material due to its 

high capacity above 200 mAh g-1 over 4.5 V [303], but faces similar low ICE problem like SiOx 

anode due to Li2O removal from the structure. It would be interesting to match the low ICE of 

SiOx and Li-Rich NMC cathode in full cells and gauge their relative performance. The low ICE 

of SiOx however cannot be fully compensated by the low ICE of Li-Rich NMC, therefore a 

composite of Si/SiOx was used as the anode. The cell using the composite electrode of Si-

SiOx/Li-Rich NMC displayed a discharge capacity of 182 mAh g-1 as the cathode capacity at 0.1 

C rate, and a stable cycle performance for over 100 cycles with a discharge capacity of ca. 150 

mAh g-1 at the 0.5 C rate and 30 °C. Non-room temperature electrochemical performance of the 

cell at -55 °C, 60 °C, and 80 °C was also good. To test the safety of the high capacity cell, 1 Ah 

laminated charged pouch cell went through nail penetration test. Results show that no significant 

cell voltage change was monitored, and the nail internal temperature and cell surface temperature 

increased to only 55 °C and 28 °C, respectively. Both metrics was superior to a control cell using 

graphite as the anode. Based on experimental results, it was postulated that the lithiated SiO and 

Si could immediately transform from a conductive phase to a low electrical conductive phase 

after discharge, resulting in the superior safety of Si-SiOx/Li-Rich NMC LIB cell. 

 Additionally, the excellent full cell performance of prelithiated SiOx electrodes [228, 230] 

and SiOx electrodes with a novel binder [66] was discussed previously. Based the existing 

literature of full cell studies, it is convincing that SiOx have great potential in commercialization 

as the next generation anode material.  
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5.4  Investigation of SiOx-based electrode failure mechanisms  

Due to the complexity of components in SiOx-based anodes, extensive studies have been taken to 

reveal its operation and degradation mechanism. SEM, TEM, XPS, neutron elastic scattering, etc. 

are common methods used to explore the fading mechanisms of SiOx-based anodes, and most 

studies before 2013 was summarized in table in ref [205]. In this section, a few of the more recent 

studies on fading mechanisms of SiOx-based anodes are reviewed.     

 Choi et al. [184] studied the fading mechanisms of carbon coated Si/SiOx electrode by 

XRD, TEM, SEM, and qualitative and quantitative STEM-EDX. A theory of global fading and 

local fading mode was suggested, as shown in Figure 5.9. Specifically, local fading refers to the 

loss of contact between individual Si and SiOx with the conducting carbon or themselves due to 

the large volume expansion/contraction during charge-discharge. Global fading refers to the 

collapse of the entire electrode, such as crumbling of Si/SiOx or the exfoliation of the entire 

electrode. It was found that the electrochemical cycling of Si/SiOx electrode was divided into 

several phases: 1) an initial activation phase from cycle 1 to cycle 10 where CE gradually 

increased. This was attributed to the morphological change of Si/SiOx electrode and electrolyte 

decomposition; 2) loss of both CE and capacity from cycle 11 to cycle 29. Local and global 

fading modes both existed from the 1st to the 29th cycle. 3) After the 29th cycle, a high CE 

(>99%) was reached while capacity decreased gradually. This was correlated with only the global 

fading mode because Li+ could only diffuse into still connected Si/SiOx particles, therefore the 

CE was consistently high. The electrochemical behavior was supported by qualitative and 

quantitative SEM-EDX results. 



 

122 

 

 

 

Figure 5.9. Depiction of (a) a local fading mode, (b) a global fading mode with local fading, (c) 
global fading mode only. Reproduced with permission [184]. Copyright 2012, Elsevier. 

 

Phillipe et al. [304] deployed hard and soft XPS to study interfacial mechanisms in Si 

nanoparticles with a layer of SiO2, which resembled disproportionated SiOx nanostructures and is 

helpful in the understanding of SEI formation mechanisms. Soft XPS photon energies ranged 

from 50 to 1500 eV and hard XPS photon energies ranged from 2000 eV to 10000 eV. Since the 

inelastic mean free path of photoelectrons is highly dependent on their kinetic energy, soft and 

hard XPS corresponded to chemical analysis at the extreme surface or bulk of the particles. This 

technique has the advantage of non-destructiveness compared to commonly used argon-ion 

sputtering for depth profiling. Based on the Si 2p spectrum analysis during charge/discharge, 

reaction of Li with Si leading to reduction of surface oxide is confirmed, summarized in equation 

5 [305]: 

𝑆𝑖𝑂2 + 4𝐿𝑖 → 𝑆𝑖 + 2𝐿𝑖2𝑂      (5) 

The appearance of Si 2p signals at 100.9 eV and 102.3 eV in the outer SiO2 shell after 

charge/discharge pointed to the formation of Li4SiO4 and Li2SiO3. Based on the relative strength 
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of the signals, it was proposed that Li4SiO4 is likely formed in this case, with a mechanism shown 

in equation 6: 

𝑆𝑖𝑂2 + 4𝐿𝑖 → 𝑆𝑖 + 2𝐿𝑖4𝑆𝑖𝑂4        (6)  

Through the analysis and comparison of O 1s peaks with Si 2p peaks, the relative location and 

formation timelines of SEI, Li oxide, Li silicates, and lithiated Si were determined, as shown in 

Figure 5.10. Specifically, at the beginning of charge (0.5 V vs Li+/Li), Li has not yet reacted with 

Si but a thin SEI layer had already formed, which constituted the outmost layer of the studied 

particle system. After further charge at the beginning of the low voltage plateau (0.1 V vs Li+/Li), 

the thickness of the SEI increased while Li started to react with Si and Si oxide. The reaction of 

Li with Si oxide resulted in the formation of Li2O and LixSiOy, most probably Li4SiO4. These 

species formed the intermediate layer between the outmost SEI and inner Si/lithiated Si. After full 

charge (0.01 V vs Li+/Li), the Li-Si alloying process is almost complete. The amount of Li2O 

continuously increased toward the end of charge, but some unreacted SiO2 still remains at the 

surface. After full discharge (0.9 V vs Li+/Li), Li has been fully extracted from the core, and Li2O 

has disappeared while Li4SiO4 remained. This nondestructive depth profiling analysis technique 

combining hard and soft XPS analysis is promising in the study of interfacial mechanisms not 

only in Si and SiOx anodes, but also foreseeably other electrode materials. 
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Figure 5.10. Schematic view of the mechanisms occurring at the surface of Si nanoparticles. 

Formation of the SEI at the beginning of charge. Formation of the Li-Si alloy upon further 

charge, together with Li2O and LixSiOy interfacial phases. Partial reversibility upon discharge. 
Reproduced with permission [304]. Copyright 2012, American Chemical Society. 

 

 Jung et al. [49] elucidated lithiation mechanisms of SiOx nanowires at the atomic scale 

based on molecular dynamics (MD) simulations employing the ReaxFF reactive force field 

developed through first-principles calculations. They found that Li atoms interacted with the 

amorphous out SiO2 layer to form Li2O and Li4SiO4, which agreed with previous studies. 

Interestingly, it appeared that Li atoms can actually escape from Li4SiO4 into the crystalline Si 

core for reactions. It was also found that an amorphous layer of SiO2 ~1 nm thick can suppress 

the volume expansion of the SiO2 nanowire during lithiation process. This is because the mobility 

of an interface between amorphous LixSi and amorphous LiySiO2 which existed toward the 

outside of the nanowire is slower than an inner interface formed between crystalline Si and 

amorphous LixSi. The stronger stiffness of amorphous SiO2 (37GPa) also changed the stress 

distribution of the particle and exerted a compressive force to retard the tensile strength of 

amorphous LixSi cores, resulting in suppression of the volume expansion of the nanowire as a 
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whole. This molecular simulation study explained theoretically the observed lower volume 

expansion of Si nanowires with native SiO2 [306].  

 Yoo et al. [185] studied the microstructure influence of SiOx and carbon coated 

disproportionated SiOx on electrochemical performance using confocal µ-Raman spectroscopy. 

Spectra obtained from vibration modes with confocal µ-Raman spectroscopy can provide 

information about chemical composition and crystallinity of a sample that has amorphous and 

crystalline phases, which is ideal for the study of lithiation/delithiation of SiOx electrodes. In this 

study, bare SiOx shows inhomogeneous distribution of amorphous Si and crystalline Si. Some 

particles in the bare SiOx consist of loose amorphous Si phase that contains a local disordering 

with Si-O bonding but other particles consist of mainly micro-sized crystalline Si. The carbon 

coated disproportionated SiOx showed a much more homogeneous configuration of 

nanocrystalline Si with small portion of locally disordered amorphous Si and SiO2 matrix. As the 

result carbon coated disproportionated SiOx displayed superior electrochemical properties, which 

understood well with previous studies [181, 242].  

5.5 Conclusions and outlook 

SiOx is a promising class of anode materials that combines high capacity and good cyclability due 

to its general Si-cluster/SiO2 matrix nanostructure. Nanocrystalline Si clusters that are uniformed 

dispersed through the SiO2 matrix provide high capacity and the overall volume expansion effect 

also decreased due to the spreading and smaller sizes of Si crystallites. SiO2 and Li silicates, Li 

oxide formed during lithiation provided a matrix to protect Si from contact with SEI. 

Furthermore, the formation of such a homogeneous matrix provided accommodation for stress 

from lithiation/delithiation and led to the superior cyclability of SiOx electrodes. However, SiOx 

electrodes also suffer from low ICE, low conductivity, and moderate damage brought by volume 

change during lithiation/delithiation. To alleviate these problems, a range of nanostructuring 
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techniques and approaches were developed, such as carbon coating, prelithiation, and 

compositing with conductive materials. In general, carbon coating is an effective method to 

improve the conductivity of SiOx electrodes while protecting the surface. Carbon coating can also 

be applied by a variety of techniques such as CVD or wet chemistry routes, and do not interfere 

with other modifications of the SiOx electrode. Prelithiation is very important in raising the ICE 

of SiOx electrode, which is essential in full cell configurations and commercialization.  

  In order to further progress the practicability of SiOx electrodes, a lot of studies are still 

required. First, more comprehensive understanding of the lithiation/delithiation mechanisms in 

the Si core and oxide surface is required in order to develop the optimal nanostructure. This may 

be accomplished through the experimental techniques mentioned afore, such as hard and soft XPS 

and µ-Raman spectroscopy, and molecular simulations. In situ microscopy techniques such as 

SEM and TEM imaging is also important in understanding of SiOx electrode morphology 

evolution, which is used in the studies of Si electrodes [307]. Secondly, comprehensive studies on 

the optimal cycling conditions and cathode interaction of SiOx electrodes is important to realize 

its full potential. Thirdly, alternative binders, electrolyte, and additives should be tailored to fit 

the distinctive attributes of SiOx electrodes. Finally, consideration should be given to decrease the 

complexity of various nanostructures to enable low-cost SiOx electrodes with high performance.  
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Chapter 6 Conclusions 

This dissertation describes the development of Si and SiOx-based composite anodes with lignin as 

the precursor for both the conductive agent and binder for the first time. It was found that Si-

lignin composite electrodes showed good electrochemical performance in half cells, with capacity 

retention of ~80% after 100 cycles, which is superior or equal to many reports with conventional 

electrode designs with Si as the active electrode material. Although the capacity of SiOx-lignin 

composite electrodes were lower, much better electrochemical cycling performance was 

observed, and stable capacities of ~900 mAh g-1 could be retained even after 250 cycles. This 

could be attributed to the more uniform dispersion of Si active nanocrystals and smaller volume 

changes in the SiOx material, in which lignin derived carbon matrix was more proficient in 

accommodating the volume changes and preserving the electrode structure. 

The carbon matrix derived from heat treated lignin provided Si and SiOx particles with a 

highly conductive and flexible hosting matrix, which is beneficial because 1) the large volume 

changes of Si and SiOx particles are partially addressed, leading to improved electrochemical 

performance; 2) valorization of lignin, a low cost, renewable biopolymer which is produced in 

large quantities, is realized as the structural material in high performance LIB anode. Apart from 

the use of lignin in LIB anode active material, Na ion battery anode, and supercapacitors, this 

dissertation revealed new possibilities in incorporating lignin into high performance energy 

applications. The author highly believes that the future is emphasized with green and renewable 

approaches to technological advancements, and the potential of lignin and related biopolymers 

are just beginning to be realized by the scientific community. This dissertation will hopefully 

inspire others into related fields. 
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Although good performance of lignin composite electrodes was demonstrated in this 

dissertation, there are many technical challenges to be faced before commercial applications can 

be realized:  

1) The loading of the current Si or SiOx-based electrodes (~2.5 mAh cm2) are low compared to 

commercial requirements of ~5 mAh cm2. Synthesis of Si or SiOx-lignin composite electrodes 

with higher loadings may result in segregation of Si and SiOx from the lignin matrix resulting 

in deteriorated performance. Indeed, this is a problem that faces even conventional graphite or 

cathode electrodes. A new method to synthesize high loading electrodes need to be developed, 

as currently multilayer or thicker films resulted in uneven distribution of Si. 

2) As seen in chapter 3, although the half-cell performance of Si-lignin composite electrode is 

good, the full-cell performance is lackluster due to much more complicated deterioration 

mechanisms. Artificial coatings such as LiF or Al2O3 which can alleviate such deterioration 

mechanisms for Si-lignin or SiOx-lignin electrodes are highly desired and would be an 

interesting topic for future research. 

3) A limited set of experimental conditions for Si-lignin and SiOx-lignin electrodes were studied 

in this dissertation, and there are many un-answered questions as to the working and failure 

mechanisms. Currently, too high of a lignin composition in the composite results in excessive 

Cu substrate curvature and crumbling due to lignin weight loss during heating, and too low of 

a lignin composition results in poor cycling performance. The use of more flexible Cu 

substrate would be a possible solution to solve the problem of excessive Cu substrate 

curvature. It would be interesting to try overcome these barriers and study the performance of 

Si-lignin and SiOx-lignin electrodes with varying lignin content in a range where good 

electronic conductivity can be guaranteed. It might also be interesting to study the effect of 

different types of lignin on composite electrode performance, and further, altering lignin 

properties by upstream lignin biosynthesis.  
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