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Abstract 

The fast-growing energy crises and depletion of fossil fuels as well as the emission of 

greenhouse gases lead to severe pollution of the environment. Therefore, the development of 

sustainable energy storage devices (e.g. batteries, supercapacitors) is very crucial for solving 

energy issues, which requires new and advanced materials as well as novel fabrication 

techniques in order to achieve high electrochemical performance. In recent years, the rational 

design and synthesis of nanostructured particulate materials in favorable morphologies have 

attracted significant attention. Among various materials with different morphologies, carbon 

spheres have received a great deal of interest due to their regular shape, low surface free energy, 

good fluidity, high packing density, and chemical stabilization. 

The research covered in the scope of this dissertation is aimed to address the following 

objectives: (i) to develop the methodologies for design and synthesis of spherical carbon-based 

materials using soft template and template-free spray drying method, particularly the precisely 

tailored structure, pore texture, and surface properties, (ii) to provide a possible mechanism for 

obtaining an in-depth understanding of the particle formation of carbon-based materials, and (iii) 

to show how the morphology, pore size, and material composition may influence lithium-ion 

batteries (LIBs) and supercapacitors performance. This dissertation comprises five chapters, of 

which content is described briefly as follows. 

Chapter 1 summarizes the important properties of spherical carbon-based materials, the 

several synthetic strategies for producing carbon sphere materials with desirable structures and 

functionalities for energy storage applications, and the alternative material in response to the 

problem suffered by carbonaceous materials. This summary and problem statements lead to the 

motivation of the researches covered within the scope of this dissertation. 

Chapter 2 discusses the developed strategy for fabrication of carbon-coated SiOx 

(SiOx@C core-shell) particles through a sol-gel method using the simultaneous hydrolysis-

condensation of tetramethyl orthosilicate (TMOS) and polymerization of 3-aminophenol and 

formaldehyde followed by the carbonization process. The core−shell particles can be obtained 

with a well-controlled reaction rate and spherical morphology by using TMOS as an excellent 



 Abstract 

ii 

 

silica precursor for the first time instead of the traditionally used tetraethyl orthosilicate (TEOS). 

When used as the anode material for LIBs, the obtained SiOx@C core−shell particles exhibited a 

reversible capacity of 509.2 mAh g-1 at 100 mA g-1 and the capacity retention was approximately 

80% after 100 cycles. The significantly improved electrochemical performance due to the 

morphology and structure of the material. 

Chapter 3 focuses on the synthesis of spherical carbon particles derived from Kraft 

lignin via the spray drying method followed by the carbonization process. The developed 

synthetic strategy is highly significant because it allows the utilization of lignin as an abundant 

and sustainable carbon precursor. The carbon particles generated in this study could be obtained 

with spherical morphologies and it could be precisely controlled from dense to hollow sphere by 

varying the potassium hydroxide (KOH) concentration. In addition, to get a better understanding 

of the particle formation of carbon particles, a plausible mechanism has been discussed in detail, 

which provides insights with regard to the exploration of lignin-derived carbon materials. The 

resulting spherical carbon particles exhibited dense structures with a specific surface area (1233 

m2 g-1) and tap density (1.46 g cm-3) superior to those of irregular shape carbon particles. The 

carbon sphere particles having a high tap density as advanced materials can endow them for a 

broad prospect of applications in the areas of colloids and interface science as well as sustainable 

development. 

Chapter 4 provides the characterization of hollow carbon spheres (HCSs) derived from 

Kraft lignin with their structural, pore texture, surface morphology, and electrochemical 

performance for supercapacitors. HCSs with high specific surface area up to 2424.8 m2 g-1 and 

micro-mesoporous structure were obtained at low KOH-to-lignin mass ratios (below 1.5), which 

was in accordance with green chemistry principles. In addition, these HCSs can be used as 

electrode materials in supercapacitors for energy storage applications. This newly developed 

synthetic process is expected to lead an advanced carbon material and the value-added utilization 

of Kraft lignin.   

Chapter 5 provides a summary of all chapters and suggestions for future research. 
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Chapter 1 

Introduction 

1.1. Electrochemical energy storage devices 

In recent years, the emission of greenhouse gases has been widely recognized as one of 

the main causes with a strong link to global climate change, which affects our daily life and 

becomes a serious issue influencing the survival of all living species [1]. Therefore, it is highly 

crucial to develop renewable and green energy technologies for a sustainable future to mitigate 

the worst impacts of greenhouse gas emissions, climate change, and global warming. Until now, 

numerous intensive research efforts are focused on the development of low-cost and 

environmentally friendly energy storage devices with high electrochemical performance, 

including rechargeable batteries (especially lithium-ion batteries (LIBs)) and supercapacitors 

[2,3]. 

Rechargeable battery technology is attracting interest due to the ability to balance 

capacity with discharge rate compared to other electrochemical energy storage [4]. Since the 

commercialization of LIBs released by Sony in 1991, LIBs have served as one of the state-of-

the-art storage techniques in many fields, such as portal electronic devices, electrical tools, and 

electric vehicles [5,6]. LIBs offer higher energy and power densities, longer life expectancy, and 

lower self-discharge rate, and they can be smaller and lighter than other batteries. Li is the 

lightest metal and most powerful reducing element, with a theoretical electrochemical capacity 

of 3860 mAh g-1 [7]. Figure 1.1 (a) depicts the representative configuration of LIBs. The LIBs 

operate by moving Li ions from the anode to the cathode during discharge and in the opposite 

direction during the charge. This battery involves insertion reactions at both electrodes during the 

charge−discharge process. Thus, the anode material (graphite) can intercalate Li, and the 

accommodation of Li between graphene layers results in a maximum configuration of LiC6 with 

a theoretical capacity of 372 mAh g-1. The cathode is generally a mixed oxide material, such as 

LixCoO2, which can intercalate Li ions [8]. 
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Apart from the rechargeable batteries mentioned above, supercapacitors are another 

critical member of electrochemical energy storage family and are widely used in portable 

electronics or hybrid electric vehicles [9]. Compared with LIBs in delivering outstanding energy 

densities and relatively large specific capacities, supercapacitors usually offer higher power 

densities, better cycling stability, and faster charge−discharge processes within seconds [10,11]. 

Accordingly, supercapacitors are classified on the basis of charge storage mechanisms (e.g. 

electrochemical double-layer capacitors (EDLCs) and pseudocapacitors). The EDLCs store 

energy by physical charge separation at the interfaces between the electrodes and electrolytes, 

without involving chemical reactions during charging−discharging processes, while 

pseudocapacitors store the electrical energy by a series of reversible redox reactions. EDLCs 

usually have high charge−discharge rates and long cycling performance, whereas 

pseudocapacitors have much larger storage capabilities due to the chemical reactions involved 

(Figure 1.1 (b) and (c)) [12]. 

 

Figure 1.1. Representative scheme of (a) LIB, (b) EDLC type, and (c) pseudocapacitor type. 

Adapted from [8,12]. 

The energy and power densities of different electrochemical energy conversion systems 

are presented by the Ragone plot (Figure 1.2). This plot indicates that the fuel cells are high-

energy systems, whereas supercapacitors are high-power systems. Batteries have intermediary 

power and energy capabilities. There exists some overlap in energy density and power density of 

fuel cells and supercapacitors with batteries. In addition, it is apparent from the figure that any 

single electrochemical device cannot compete with an internal combustion engine [13]. 

Therefore, the energy and power densities of electrochemical devices have to be increased to 

compete with the combustion engine. So far, the improvement has been focused mainly on the 
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development of the electrode material. The concern is not only limited to the electrode materials 

selection and functionalization, but also the morphological structure. 

 

Figure 1.2. Ragone plot of different electrochemical energy conversion systems.  

Adapted from [13]. 

 

1.2. Nanostructured carbon spheres 

Recently, nanostructured carbon materials have been considered as competitive 

candidates for highly efficient electrodes of energy storage devices [2,14–16]. They have higher 

surface energy compared with their macro scale counterparts, which means higher surface 

activity, and thus more electro-active sites in the nanostructured electrodes, leading to high-

capacity utilization of the electrode materials. Furthermore, their intrinsic inner porous structures 

allow for effective electrolyte infiltration, and the reduced dimensions of particle size can shorten 

the transport and diffusion path lengths of electrolyte ions, facilitating fast kinetics and high 

charge−discharge rates. In addition, well-defined hierarchical structures can withstand 

strain/stress in the electrode matrix and provide stable tunnels for electron transportation, 

ensuring enhanced cycling capacity. The rational manipulation of the morphologies of 

nanostructured carbon electrodes seems to be very promising in further improvement of the 
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performances of electrodes, which may result in a novel class of highly efficient energy storage 

devices. 

The creation of a spherical shape is preferable to the law of natural selection because 

objects in nature tend to approach minimum energy, while the sphere is one of the most perfect 

matter structures [17]. From an engineering viewpoint, the spherical particles offer a great 

number of advantages over than of other shapes because they have no sharp edges and so are less 

prone to damaging or breaking other materials during processing. In addition, the size and 

regular shape of spheres allow the efficient ordering of subjects in closely packed states, 

especially in the case that necks and pores are present. Finally, the spheres provide excellent 

fluidity [18,19]. In particular, compared with the other carbon-based materials, carbon spheres 

have captivated vast attention of researchers due to the combined advantages of carbon materials 

with colloidal spheres, which gives them several unique features such as regular geometry, high 

uniformity, good fluidity, superior packing, and controllable particle size distribution [16,20]. 

Despite the enormous achievements made in many fields, carbon spheres continue to emerge and 

fabricate from smart synthetic strategies. These intriguing advantages and promising prospects 

have stimulated worldwide research activities of carbon spheres, especially in energy-related 

applications. Therefore, the development and innovation of advanced carbon spheres materials 

with well-defined structural and surface properties play a decisive role in the energy field, which 

present a chance to improve the performance of energy storage devices with both high power and 

energy densities. In addition, from a fundamental and application point of view, the entire 

procedure should be low-cost, facile, convenient, and easy to scale up from its current laboratory 

scale to an industrial level. Figure 1.3 shows the typical transmission electron microscopy 

images of spherical carbon materials with different particle sizes, pore sizes, and porous 

structures. 
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Figure 1.3. Typical transmission electron microscopy images of various carbon sphere 

nanoparticles fabricated by different methods. (a) Microporous carbon spheres, (b) Mesoporous 

carbon spheres, (c) N-doped mesoporous carbon nanospheres with large pores, (d) Yolk-shell 

carbon spheres, (e) Hollow carbon spheres, (f) Hollow carbon spheres with ultrahigh specific 

surface area, (g) Multichamber carbon microspheres, (h) Multiple-cavities carbon spheres. 

Adapted from [16]. 

 

1.3. Synthesis of carbon spheres 

In recent years, the fabrication of carbon spheres with precisely tailored structures is an 

important research area and current hotspot in materials science. The various structures of carbon 

sphere materials benefit from numerous synthesis methods. According to whether the template is 

used and the type of template agents used, these synthesis methods are divided into three 

categories: hard template method (Figure 1.4(a)), soft template method (Figure 1.4(b)), and 

template-free method (Figure 1.4(c-e)). 
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Figure 1.4. Primary methods for synthesizing carbon spheres. (a) Hard template method, (b) Soft 

template method, (c) Hydrothermal carbonization method, (d) Aerosol-assisted method, and (e) 

Extension of the Stöber method. 

 

1.3.1. Hard template method 

Hard templates are usually used materials with relatively rigid structures to guide the 

growth of materials by limiting space such as polymers including polystyrene (PS), resorcinol-

formaldehyde (RF) polymer, poly(methyl methacrylate) (PMMA), and silica (SiO2) [21,22]. The 

preparation of carbon spheres via a hard template approach involves four major steps: (i) the 

synthesis of sphere-shaped hard template materials, (ii) the preparation of the intermediate 

composite material containing both the carbon precursor and the hard template, (iii) the 

carbonization of the resulting composite material at high temperature in an inert gas atmosphere, 

and (iv) the removal of the hard template. To successfully incorporate the carbon precursor and 

hard template, the surface of the hard template usually needs to be modified to have the 



Chapter 1. Introduction 

7 

 

appropriate surface charge and polarity features. To prepare the carbon spheres, a shell of the 

carbon precursor is deposited on the surface of the hard template through the traditional sol-gel 

or hydrothermal method. For the removal of the hard template, thermal decomposition or 

chemical etching methods are commonly used, depending on the nature of the hard templates. 

The as-obtained carbon spheres (e.g. porous or hollow carbon spheres) usually should be further 

treated to enhance certain properties, such as the degree of carbonization. 

The typical hard templates and the common carbon precursors that are used for the 

fabrication of carbon spheres are summarized in Table 1.1. PS sphere templates can be easily 

removed by the thermal annealing procedure at a temperature of 400 oC [23]. White et al. 

reported the fabrication of hollow carbon spheres via PS spheres as hard templates [24]. RF 

colloid spheres, which can be synthesized by the Stöber method [25], also can be used as the 

hard templates to fabricate carbon spheres [26]. SiO2 spheres have been commonly used as hard 

templates due to their easily tunable size, surface functionality, low cost, and high uniformity. 

SiO2 solid spheres are usually synthesized through the Stöber method, where hydrolysis of the 

silica precursor takes place in a mixture of alcohol and water with ammonia as the catalyst [27]. 

Hollow carbon spheres can be achieved by coating different carbon precursors on the surface of 

SiO2 particles by following the carbonization and etching process [28–31]. The hard template 

method for preparing hollow carbon spheres is usually easy to control and the obtained structure 

is often homogeneous and well-defined. Nevertheless, the major drawback of the hard template 

method is that it may involve a multi-step coating process and subsequent removal of the 

templates requires the use of dangerous chemicals (e.g. using an acid solution like HF or alkali 

solution like NaOH), which restricts its widespread application. In addition, the particle size, 

pore structure, and morphology of the obtained carbon spheres are predominantly dependent on 

the properties of the hard templates. 
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Table 1.1. Structures, templates, and precursors for carbon spheres obtained through the hard 

template method. 

Template Carbon precursor Structure Reference 

Latex nanoparticles Glucose Microporous [24] 

Latex nanoparticles Glucose Hierarchical micro and mesoporous [32] 

MCM-48 spheres Glucose Mesoporous [33] 

RF spheres Phenolic resin Hierarchical micro, meso, and 
macroporous 

[26] 

PMMA spheres Phenolic resin Mesoporous [34] 

SiO2 spheres Phenolic resin Hierarchical micro and mesoporous [35] 

SiO2 spheres Dopamine Mesoporous [36,37] 

SiO2 spheres Resorcinol and 
formaldehyde 

Mesoporous [38] 

PMMA spheres Resorcinol and 
formaldehyde 

Microporous [39] 

SiO2 spheres Resorcinol and 
formaldehyde 

Hierarchical micro, meso, and 
macroporous 

[30] 

SiO2 spheres Petroleum pitch Mesoporous [40] 

SiO2 spheres Petroleum pitch Hierarchical micro, meso, and 
macroporous 

[41] 

PS spheres Aniline Hierarchical micro and mesoporous [42] 

SiO2 spheres Aniline Hierarchical micro, meso, and 
macroporous 

[43] 

SiO2 spheres Aniline Mesoporous [44] 

SiO2 spheres Polyacrylonitrile Mesoporous [45] 

SiO2 spheres Pyrrole Micro and mesoporous [46] 

SiO2 spheres Polybenzoxazine Mesoporous [47] 

MCM-48 spheres Furfuryl alcohol Mesoporous [48] 

SiO2 opals Resol Mesoporous [49] 
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1.3.2. Soft template method 

In contrast with the hard template method, soft templating synthesis does not need the 

preparation and removal of a template, which greatly reduces the reliance on the structure of the 

template, including size, shape, and physicochemical properties. There are four important 

requirements for successfully synthesizing porous carbon spheres materials through the soft 

template method [50]. Firstly, the soft template precursors should be able to assemble themselves 

into nanostructures. Secondly, the generation of intermediate composites with both the carbon 

precursor and the soft template is necessary. Thirdly, the soft templates should not only tolerate 

the temperature of carbon formation but also be easily decomposed during the subsequent 

carbonization process. Finally, the carbon precursors should become thermosetting before 

reaching the decomposition temperature of soft templates during the carbonization process. 

Over the past decade, a significant process has been made in the direct synthesis of 

mesoporous carbon spheres from amphiphilic block copolymers (e.g. polystyrene-block-

poly(ethylene oxide) (PS-b-PEO), PEO-block-poly(methyl methacrylate) (PEO-b-PMMA)), 

which follows the organic-organic self-assembly method using phenolic resin or its derivatives 

as the carbon precursor and amphiphilic surfactants as structure-directing agents. It was initiated 

by the pioneering works of Dai et al. [50,51], Nishiyama et al. [52], and Zhao et al [53,54]. 

However, considering that the carbon precursors are weakly self-assembled and that adjacent 

nanospheres are liable to crosslink during the hydrothermal carbonization process, the soft 

templating synthesis of monodisperse mesoporous carbon spheres is still a significant challenge. 

Until now, there are still only a few reports have been published about the successful fabrication 

of monodispersed mesoporous carbon spheres using the soft template method [55–59]. For 

example, self-polymerization of dopamine and spontaneous co-assembly of di-block copolymer 

micelles could assist the formation of mesopores. By using spray drying pyrolysis or spray 

drying followed by the carbonization process, monodispersed mesoporous carbon spheres could 

be fabricated on a large scale, but their particle size distribution was relatively broad and not 

uniform, ranging from several tens of nanometers to hundreds of nanometers [60,61]. Hollow 

mesoporous carbon spheres can also be achieved on the basis of a soft template strategy [62]. By 

taking Pluronic F127 as a soft template, Yang’s group synthesized hollow mesoporous carbon 

spheres by the hydrothermal treatment of α-cyclodextrin, and the morphology as well as particle 
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size could also be controlled. The typical soft templates and the common carbon precursors that 

are used for the fabrication of mesoporous carbon spheres are summarized in Table 1.2. 

Recently, it has been demonstrated that the self-assembly of tetraethyl orthosilicate 

(TEOS), phenolic resin (e.g. resorcinol/formaldehyde, 3-aminophenol/formaldehyde, m-

phenylenediamine/formaldehyde), and cationic surfactant in water/ethanol in the presence of 

ammonia can lead to a series of porous carbon spheres [63–69]. For instance, Dai and co-

workers developed a “silica-assisted” strategy for the synthesis of highly dispersed mesoporous 

carbon spheres, hollow mesoporous carbon spheres, and yolk-shell mesoporous carbon spheres 

through the co-assembly of resorcinol/formaldehyde and TEOS in the presence of hexadecyl 

trimethylammonium chloride as the soft template [63]. The particle size of the carbon spheres 

was controlled from 180 to 850 nm through variation of the water/ethanol volumetric ratio. This 

approach provides an efficient method to avoid severe aggregation of carbon spheres during the 

high-temperature carbonization process. Following this work, by tri-constituent co-assembly of 

3-aminophenol, formaldehyde, and bis[3-(triethoxysilyl)propyl]tetrasulfide, N, S-doped carbon-

silica nanospheres with either smooth or rough surface could be obtained by direct carbonization 

of the polymer-silica nanospheres [70]. 

Generally, the soft templating strategy is relatively simple and applicable for the 

fabrication of various carbon spheres. Compared with the hard template method, the soft 

template method always involves the co-assembly of the carbon precursors and soft templates for 

the formation of mesostructures without requiring the harsh conditions needed to remove the 

hard templates. Nevertheless, the high cost of soft templates, low yield of carbon spheres, limited 

types of usable soft templates, and difficulty in controlling the particle size distribution are the 

major challenges for the soft template method at the current stage. Therefore, it is highly 

desirable to further design and synthesize carbon spheres with lower cost, more uniform particle 

size, and suitability for large-scale production. 
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Table 1.2. Structures, templates, and precursors for carbon spheres obtained through the soft 

template method. 

Template Carbon precursor Structure Reference 

Pluronic F127 Phenol-formaldehyde Mesoporous [55,60,61,71,72]  

Pluronic F127 Resorcinol-formaldehyde Mesoporous [56] 

Pluronic F127 α-cyclodextrin Micro and mesoporous [62] 

Pluronic F127 Dopamine Micro and mesoporous [58] 

PS-b-PEO Dopamine Mesoporous [57,59,73] 

 

1.3.3. Template-free method 

From the above presentation, it is clear that the templating methods including hard 

templating and soft templating methods are very effective ways for the fabrication of carbon 

sphere materials. However, drawbacks related to high cost and tedious operational procedures 

have hindered mass production for large-scale applications. Ideally, template-free methods for 

the fabrication of carbon spheres with a wide scale of pore sizes would be preferred. In this part, 

three simpler and commonly used template-free synthetic strategies, including hydrothermal 

carbonization, extension of the Stöber method, and aerosol-assisted method will be investigated. 

 

1.3.3.1. Hydrothermal carbonization 

The hydrothermal carbonization method of carbohydrates and raw lignocellulosic 

biomass has been extensively explored for the preparation of carbon spheres at relatively low 

temperatures (160 – 220 oC) due to its simplicity, sustainability, low cost, and high efficiency 

[74]. There are four steps during the hydrothermal carbonization process, including dehydration, 

condensation, polymerization, and aromatization. It results in microporous carbon spheres with 

tunable particle size ranging from 200 nm to 5 μm and a range of different functionalities 

depending on the carbon precursors used, such as glucose [75–77], sucrose [78], fructose [79], 

xylose [80], cyclodextrin [81], starch [82], lignocellulose [83], and phytic acid [84]. Although 
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hydrothermal carbonization represents a feasible way of producing carbon spheres, its wider 

application is still limited due to difficulties in controlling the particle size and porosity, as well 

as problems associated with digesting real biomass. Nanoporous carbon spheres obtained by 

hydrothermal carbonization are usually microporous, an extension of this strategy for the 

preparation of carbon spheres with well-defined morphology and porosity (e.g. mesoporous 

carbon spheres) is still a significant challenge and thus further research in this direction is highly 

desirable. 

 

1.3.3.2. Extension of the Stöber method 

Nanostructured phenolic resins have attracted considerable attention due to the facile 

functionalities of their size and porosity [85]. A major breakthrough in the development of 

nanoporous carbon spheres was achieved in 2011 by extending the classical Stöber method 

[25,86]. It was recently realized that the sol-gel formation of SiO2 spheres resembles the 

polymerization reaction between resorcinol or 3-aminophenol and formaldehyde under basic 

conditions to form RF or 3-aminophenol-formaldehyde (APF) resin polymer. The prepared RF 

or APF resin spheres can be easily converted into monodispersed and microporous carbon 

spheres through the carbonization process [25,87]. Recently, Zhou’s group reported that the 

potassium salt of RF resin spheres was fabricated by the reaction of KOH and RF resin spheres 

and was carbonized into microporous carbon sphere materials [88]. It is found that the prepared 

carbon materials still maintain the monodisperse spherical shapes and possess highly developed 

ultra-microporosity with uniform pore size. In addition, various heteroatom-containing phenol 

derivatives (e.g. aminophenol, nitrophenol, and halide-substituted phenols) have been used to 

prepare phenolic resin spheres, which can be further converted to heteroatom-doped carbon 

spheres [89]. It has been found that 3-aminophenol and 4-amino-3-nitrophenol could be used to 

synthesize monodispersed carbon spheres with high nitrogen content ranging from 5.5 to 11.9 

wt% in the carbon matrix. The inductive effect of the substitution group in phenol derivatives 

and the orientation effect of the aromatic ring toward electrophilic addition have played 

important roles in the successful formation of phenol resin spheres [89]. 
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1.3.3.3. Aerosol-assisted method 

Aerosol-assisted techniques, such as spray drying and spray pyrolysis, are simple, cost-

effective, continuous, and scalable methods for preparing carbon spheres [90,91]. Owing to these 

advantages, they have been widely applied in the food, pharmaceutical, and chemical industries. 

For spray drying, the precursor solution or slurry is first atomized into fine droplets. The fine 

droplets are then carried by the carrier gas into the drying chamber, where the solvent evaporates 

and solid particles form. For spray pyrolysis, the operating temperature is substantially higher 

than that of spray drying, and thermal-induced chemical reactions may occur under such 

conditions. 

Recently, a pomegranate-like carbon microsphere (PCS) built up with monodisperse, 

submicron carbon spheres are fabricated through a scalable spray drying-assisted method [92]. 

Firstly, monodisperse APF resin spheres can be obtained through the polymerization of 3-

aminophenol and formaldehyde in deionized water without any catalyst. Secondly, during spray 

drying process, the monodisperse resin colloids are assembled into pomegranate-like resin 

microspheres. Finally, the pomegranate-like resin microspheres are converted into PCS after 

carbonization and KOH activation. The obtained PCS is composed of well-defined microspheres 

with a relatively broad size distribution ranging from 1 to 5 μm. Until now, considering the 

sustainable development of carbon sphere materials, using biomass has received increasing 

attention due to its renewability, reproducibility, readily availability, cost-effective, and 

environmentally benign [93,94]. Although biomass has been used as a raw material for the 

preparation of carbon materials, there have been few reports of the successful production of 

carbon spheres from biomass-based materials using spray drying [95,96]. Therefore, template-

free spray drying is able to produce carbon spheres by simply using the appropriate precursors, 

and so provides a very simple and convenient method for obtaining these materials that also 

avoids the introduction of impurities. 

Suslick’s group developed a general ultrasonic spray pyrolysis method for the preparation 

of porous carbon spheres [97–100]. A wide variety of carbon-containing compounds, such as 

alkali halocarboxylate (chloroacetate and dichloroacetate), alkali propiolates, substituted 

benzoates, and carbohydrates, were employed as the precursors in the aerosol-assisted synthesis. 
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Interestingly, the micro-structure of the obtained porous carbon spheres is highly dependent on 

the choice of precursor. Through tuning the precursor and concentration, a variety of porous 

carbon spheres can be produced, including micro-/meso-/macroporous carbon spheres, hollow 

carbon spheres, double-shelled hollow carbon spheres, Janus carbon spheres, and jellyfish-like 

carbon spheres. 

 

1.4. Application of carbon spheres 

Energy storage has become a highly important challenge due to the increased 

development and use of portable electronics and electric and hybrid vehicles that require high 

power and energy densities. Two of the most viable current options for electrical energy storage 

are rechargeable batteries and supercapacitors [2,3]. These devices are mainly composed of 

anode, cathode, separator, and electrolyte, and their improvement is highly dependent on 

advances achieved in electrode materials, especially in carbon materials, which play an important 

role as electrodes in this technology. 

Most applications of carbon spheres are mainly in relation to energy storage devices. This 

is because the performance of carbon spheres can be easily controlled by some parameters, 

including specific surface area, pore texture, and surface chemistry. In addition, the advantages 

of using carbon spheres rather than carbon materials with the other shapes in these applications 

are due to (i) their tunable sphere diameter and morphology (dense, hollow, and core−shell), (ii) 

their tunable specific surface area and porosity, in which guest species can be introduced, (iii) the 

ease of their doping with other heteroatoms, (iv) their high packing density and enhanced mass 

transport, and (v) their robust and structural stability. 

 

1.4.1. LIBs 

Porous carbon spheres can perform better than graphite as anode material, having a 

higher theoretical capacity (400 – 700 mAh g-1), because Li can intercalate within graphite 

crystallites and micropores. These porous carbon spheres have been successfully designed and 
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synthesized with sizes from nanometers to micrometers, which have different pore structures, 

ranging from micropore (< 2 nm), mesopores (2 – 50 nm) to macropores (> 50 nm) to satisfy the 

requirement of LIBs [101]. According to the structure-property relationship, good conductivity, 

suitable surface chemistry, large specific surface area, and pore volume are critical to obtain a 

high Li storage capacity and stability, when employing carbon spheres as the anode material for 

LIBs. Specifically, good conductivity ensures efficient electron transport, while high specific 

surface area allows for good contact with the electrolyte to sustain high Li-ion flux through the 

interface, and large pore volume makes it possible to accommodate Li and the volume changes 

during lithiation. Furthermore, a hierarchy of pores is desired, as micropores promote reversible 

intercalation/de-intercalation of Li+ to afford a high storage capacity, while meso/macropores 

favor Li+ transfer kinetics and electrolyte mobility [101,102]. 

Potentially, doping of single or dual heteroatoms (e.g. B, N, O, P, S) into carbon, the 

electronic and chemical structure can be modulated, leading to potentially enhanced electronic 

conductivity, enlarged interlayer distance, Li+/electrolyte absorbability, and more active sites for 

the improvements in Li storage and cycling performance [103–105]. N atoms with a higher 

electronegativity and similar atomic diameter to C are most widely used, which can donate free 

electrons to the π system of carbon to improve the electrical conductivity [106] and introduce 

active sites to enhance the electrochemical reactivity for higher Li-ion storage [107]. 

In addition, the loading of silicon [108] and transition metal oxides [2] is a feasible 

strategy to further increase the electrochemical performance of porous carbon anodes. Thus, the 

Li-Si system has the possibility of achieving capacity of up to 4200 mAh g-1 through the 

formation of Li-Si alloys. Magnetite has also attracted attention as anode material for LIBs due 

to its higher specific capacitance (928 mAh g-1) versus graphite (372 mAh g-1) and its low cost, 

abundance, non-toxicity [109]. However, these anodes have poor cyclability due to 

agglomeration and volume expansion/shrinkage during lithiation/delithiation. Therefore, loading 

in carbon spheres represents an attempt to overcome these shortcomings. The high-capacity 

carbon-based anode materials (e.g. Si/C, SiOx/C, carbon/sulfur) have been extensively 

investigated, which aims to attain the high energy density target. Despite the many advantages of 

this technique, it is worth noting that the potential pore blockage by loading other materials can 
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be detrimental. Therefore, the rational structure design is essential. The structure, synthesis 

method, and electrochemical performance of porous carbon sphere materials and active 

materials/porous carbon sphere composites as electrode materials in LIBs are summarized in 

Table 1.3. 

 

Table 1.3. Structure, synthesis method, and electrochemical performance of porous carbon 

sphere materials and active materials/porous carbon sphere composites as electrode materials in 

LIBs. 

Electrode  
materials 

Synthesis  
method 

Current density 
(mA g-1) 

Highest reversible 
capacity (mAh g-1) 

Reference 

N-doped mesoporous 
carbon hollow spheres 

Hard templating 500 1709 [103] 

Macro-mesoporous 
hollow carbon spheres 

Hard templating 500 646 [110] 

Hierarchical macro-, 
meso- and microporous 
carbon 

Template-free 100 2811 [111] 

Porous turbostratic 
carbon spheres  

Template-free spray 
pyrolysis 

37.2 378 [112] 

N-doped hollow carbon 
nanospheres 

Pyrolysis 100 2053 [104] 

N-doped carbon spheres Surfactant-assisted 
hydrothermal method 

20 580 [77] 

Porous carbon spheres 
doped with Fe3C 

Hydrothermal 100 756.8 [113] 

Hollow porous carbon 
spheres 

Microwave-assisted 
technique 

100 1750 [114] 

SnO2/carbon hollow 
spheres 

Hard templating 100 2157 [115] 

MoO2/C microspheres Hard templating 100 768 [116] 

MoS2@hollow carbon 
spheres 

Hard templating and 
carbonization 

1000 822.7 [117] 
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Fe3O4/mesoporous 
carbon spheres 

Hydrothermal and 
carbonization 

500 1214.3 [118] 

SiOx@carbon 
nanocomposite spheres 

Stöber strategy 50 1144 [119] 

SnO2@C yolk-shell 
nanospheres 

Stöber sol-gel coating 100 2190 [120] 

 

1.4.2. Supercapacitors 

Typically, porous carbon spheres have been employed as the electrode materials for 

commercial EDLC devices [3,11]. The spherical structure can decrease the transmission distance 

of electrolyte ions, so that the electric double-layer can be easily formed between the electrolyte 

and electrode [121]. The capacitance of EDLCs is directly linked with the contact area of the 

electrode with electrolyte. In principle, elevating specific surface area, pore volume, and 

electrical conductivity of a porous carbon sphere electrode can effectively enhance charge 

accumulation in electrical double layer formation to achieve a larger EDLC capacitance 

[122,123]. It is generally considered that the existence of micropores in carbon materials can 

significantly increase the specific surface area, which plays a key role in enhancing specific 

capacitance. However, some studies found that ultrahigh specific surface area may lead to 

decreased volumetric capacitance due to a relatively lower packing density [124]. On account of 

this, rational control over the pore sizes to maximize ion accessible specific surface area and 

decrease the dead volume is of a great account [125]. Both experimental [126] and theoretical 

studies [127] have manifested that the maximum capacitance can be acquired when carbon pore 

size (mainly micropores) is well matched to the ion size of the liquid electrolyte, which is 

favorable to charge accommodation. However, restricted by the slow ion diffusion and 

desolvation in these sub-nanometer micropores, a high capacitance can only be achieved at a low 

or moderate charge−discharge rate, which limits the rate capability and power density 

performance [10]. This issue can be resolved by introducing meso-/macropores in microporous 

carbon structure as the mesopores can serve as reservoirs to shorten the transport pathway and 

boost efficient ion diffusion, allowing for high capacitance retention during the fast 

charging/discharging process [128]. To obtain these goals, the rational combination of micro, 
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meso, and macropores in a porous carbon sphere electrode is pivotal to achieve high specific 

capacitance and rate performance. 

The introduction of heteroatom (e.g. N, S, B, O, P) into porous carbon spheres also plays 

a vital role in the EDLC properties [58,65,129,130]. Take the most extensively used N-doping as 

an example, it improves not only the electrical conductivity but also the electrolyte wettability. In 

addition, it also provides extra active sites for reversible redox reactions, contributing to the 

overall capacitance of the sample [131]. Table 1.4 summarizes the supercapacitor performance 

of typical porous carbon spheres prepared by various synthetic methods. 

 

Table 1.4. The electrochemical performance of porous carbon spheres with different structures 

in EDLCs. 

Electrode 
material 

Synthesis 
method 

Current density 
(A g-1) 

Capacitance 
(F g-1) 

Reference 

Mesoporous hollow 
carbon spheres 

Hard templating 0.3 162 [132] 

N, O-doped double-shell 
hollow carbon spheres 

Hard templating 1 320 [129] 

N-doped mesoporous 
hollow carbon spheres 

Soft templating 1 240 [65] 

Yolk-shell porous 
carbon spheres 

Soft templating 0.1 268 [68] 

Interconnected hollow 
carbon spheres 

Soft templating 1 208 [67] 

Hollow carbon 
nanospheres 

Template-free 1 180 [133] 

Mesoporous hollow 
carbon spheres 

Modified Stöber method 1 310 [134] 

Double-shelled hollow 
carbon spheres 

Modified Stöber method 1 381 [135] 

N-doped porous carbon 
spheres 

Modified Stöber method 0.5 433 [58] 
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Hierarchically porous 
carbon spheres 

Hydrothermal carbonization 0.5 248 [82] 

S-doped porous carbon 
spheres 

Hydrothermal carbonization 0.5 405 [130] 

Porous carbon spheres Soft templating and 
hydrothermal carbonization 

1 350 [136] 

Porous hollow carbon 
spheres 

Hard templating and 
hydrothermal carbonization 

0.5 270 [137] 

Activated carbon spheres Hydrothermal carbonization 
and chemical activation 

1 238 [80] 

Pomegranate-like carbon 
microspheres 

Spray drying-assisted 
method 

1 338 [92] 

Hollow carbon spheres Spray pyrolysis-assisted 
method 

0.1 112 [138] 

 

1.5. Objectives and outline of dissertation 

This dissertation is intended to address the following objectives: (i) to develop the 

methodologies for design and synthesis of spherical carbon-based materials using soft template 

and template-free spray drying method, particularly the precisely tailored structure, pore texture, 

and surface properties, (ii) to provide a possible mechanism for obtaining an in-depth 

understanding of the particle formation of carbon-based materials, and (iii) to show how the 

morphology, pore size, and material composition may influence LIBs and supercapacitors 

performance. This dissertation comprises five chapters, of which content is described briefly as 

follows. 

Chapter 1 summarizes the important properties of spherical carbon-based materials, the 

several synthetic strategies for producing spherical carbon materials with desirable structures and 

functionalities for energy storage applications, and the alternative material in response to the 

problem suffered by carbonaceous materials. This summary and problem statements lead to the 

motivation of the researches covered within the scope of this dissertation. 

Chapter 2 discusses the developed strategy for fabrication of carbon-coated SiOx 

(SiOx@C core−shell) particles through a sol-gel method using the simultaneous hydrolysis-
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condensation of tetramethyl orthosilicate (TMOS) and polymerization of 3-aminophenol and 

formaldehyde followed by the carbonization process. The core−shell particles can be obtained 

with a well-controlled reaction rate and spherical morphology by using TMOS as an excellent 

silica precursor for the first time instead of the traditionally used tetraethyl orthosilicate (TEOS). 

When used as the anode material for LIBs, the obtained SiOx@C core−shell particles exhibited a 

reversible capacity of 509.2 mAh g-1 at 100 mA g-1 and the capacity retention was approximately 

80% after 100 cycles. The significantly improved electrochemical performance due to the 

morphology and structure of the material. 

Chapter 3 focuses on the synthesis of spherical carbon particles derived from Kraft 

lignin via the spray drying method followed by the carbonization process. The developed 

synthetic strategy is highly significant because it allows the utilization of lignin as an abundant 

and sustainable carbon precursor. The carbon particles generated in this study could be obtained 

with spherical morphologies and it could be precisely controlled from dense to hollow sphere by 

varying the KOH concentration. In addition, to get a better understanding of the particle 

formation of carbon particles, a plausible mechanism has been discussed in detail, which 

provides insights with regard to the exploration of lignin-derived carbon materials. The specific 

surface area and tap density of spherical carbon particles having a dense structure were 

determined to be 1233 m2 g-1 and 1.46 g cm-3, respectively, both of which are significantly 

higher than values reported for irregularly shaped carbon particles.  

Chapter 4 provides the characterization of hollow carbon spheres (HCSs) derived from 

Kraft lignin with their structural, pore texture, surface morphology, and electrochemical 

performance for supercapacitors. HCSs with high specific surface area up to 2424.8 m2 g-1 and 

micro-mesoporous structure were obtained at low KOH-to-lignin mass ratios (below 1.5), which 

was in accordance with green chemistry principles. In addition, these HCSs can be used as 

electrode materials in supercapacitors for energy storage applications. This newly developed 

synthetic process is expected to lead an advanced carbon material and the value-added utilization 

of Kraft lignin.   

Chapter 5 provides a summary of all chapters and suggestions for future research. 
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Chapter 2 

Controllable Synthesis of Carbon-Coated SiOx 

Particles through a Simultaneous Reaction between 

the Hydrolysis-Condensation of Tetramethyl 

Orthosilicate and the Polymerization of 3-

Aminophenol 

2.1. Introduction 

Nanostructured materials are potential next-generation materials with enhanced 

performances and new functionalities for energy and environmental applications [1–4]. Among 

nanostructured particles, core−shell particles have recently received considerable attention as 

highly functional materials with distinctive and fascinating properties [5–8]. These excellent 

properties make them good candidates for use in a broad range of potential applications, such as 

optical devices [9], sensing [10], magnetic imaging [11], catalysis [12], water splitting [13], drug 

delivery [14], and energy storage [15–17]. Although many methods have been developed for 

preparing core−shell particles, the synthesis of core−shell particles with well-controlled 

morphologies and structures is still a great challenge. 

Lithium-ion batteries (LIBs) have a wide range of applications; for example, in portable 

electronic devices, electrical tools, electric and hybrid electric vehicles, due to their high energy 

densities, long life-expectancies, high operational voltages, low self-discharge rates, and 

environmental benignity [18–20]. Silicon suboxide (SiOx) has been extensively investigated as 

one of the most promising anode materials for LIBs because of its high theoretical specific 

capacity (1965 mAh g-1 for SiO2 and 2680 mAh g-1 for SiO), satisfactory working potential, high 

abundance in the earth’s crust, and low cost [21–23]. However, SiOx-based anodes easily 

undergo a large volume expansion (>200%) and low electrical conductivity leads to a poor rate 

capability [24]. To address these problems, several approaches have been developed for effective 
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modification of SiOx. One effective strategy is to reduce the SiOx particle size, which alleviates 

the strain induced by the volume change and improves the cycling stability [25,26]. However, 

practical applications of SiOx are still hindered by its poor electrical conductivity and low 

coulombic efficiency (CE). Hence, a potential and straightforward solution is to integrate SiOx 

with carbon because the benefits of the carbon with excellent mechanical elasticity and intrinsic 

conductivity are considered to increase the electrical conductivity of the composite as well as 

accommodate volume expansion during charge–discharge processes to maintain a stable 

electrochemical performance [27]. Izawa et al. [28] reported the preparation of SiOx/C 

nanocomposite by simultaneous hydrolysis-condensation of tetraethyl orthosilicate (TEOS) and 

polymerization of 3-aminophenol. In this case, the hydrolysis of TEOS was slower than 3-

aminophenol polymerization; therefore, the SiOx nanoparticles were dispersed on the polymer 

surface and the carbon layer did not perfectly coat the SiOx. The composite had a low reversible 

capacity of 383 mAh g-1, which indicates that the electrochemical performance was significantly 

affected by the structure of SiOx/C. For this reason, precise design and control the structure of 

SiOx/C is therefore necessary. Design of the ideal structure should enable optimum contact with 

the carbon matrix, which will lead to a better electron transfer from/to SiOx and the local 

structural stability of the electrode during cycling [29]. Spherical carbon-coated SiOx particles 

(i.e. SiOx@C core−shell particles) are one candidate because of the possibility for good electron 

transfer among the composite constituents and improved resilience toward internal stress. The 

development of new processes for the preparation of SiOx@C particles with spherical 

morphologies and excellent lithium storage abilities is therefore important. It is noteworthy that 

the use of an appropriate precursor is very important for obtaining desired structures and 

functionalities.  

In this contribution, we report a fundamental modification of the synthetic process by 

using an alternative silica precursor rather than the conventionally used TEOS. It has been 

demonstrated that the alkyl-chain length governs the reactivity of tetraalkoxysilanes [30]. Thus, 

we reasonably assume that the alkyl-chain length can also affect the substituting abilities of 

tetraalkoxysilanes. With this in mind, tetramethyl orthosilicate (TMOS) was selected for this 

study. It is known that the methoxy residue (Me−O−Si) usually hydrolyzes faster than the ethoxy 

residue (Et−O−Si) [31]. Furthermore, the hydrolysis and condensation reactions involving 
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TMOS generate methanol as a byproduct that could be recycled. A process that releases 

methanol may be more appealing for commercial applications that involve a large scale of the 

process. From that point, control of the TMOS reaction rate enables the nucleation of SiO2 in the 

formation of SiOx@C particles. Other advantages of TMOS are that it is inexpensive, readily 

available, simple to handle, and easy to remove from the reaction mixtures. Moreover, to the best 

of our knowledge, the use of TMOS in the preparation of core−shell particles has not been 

previously investigated. A combination of these advantages make TMOS a promising silica 

precursor to produce SiOx@C particles and renders this approach attractive for future 

applications. 

Our proposed strategy for synthesizing SiOx@C particles is shown in Figure 2.1. The 

fabrication process used 3-aminophenol and formaldehyde as carbon precursors, TMOS as a 

silica precursor, ammonia as a basic catalyst, and cetyltrimethylammonium bromide (CTAB) as 

a cationic surfactant in a mixed water-methanol solvent. First, CTAB micelles are formed in the 

ternary solution (ammonia-water-methanol). Then, the simultaneous hydrolysis-condensation of 

TMOS and polymerization of 3-aminophenol generated 3-aminophenol/formaldehyde (APF) 

resin-coated SiO2 particles (i.e. SiO2@APF resin core−shell particles) [32]. These could be 

converted into carbon through a simple carbonization process to obtain the SiOx@C particles. 

These core−shell particles provide great potential interest because the constituent materials have 

complementary properties: the carbon shell has high electrical conductivity and the silica core is 

easily functionalized. The benefits of the core−shell structure in energy storage were investigated 

by evaluating the performance of SiOx@C as an anode material in LIBs. 
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Figure 2.1. Schematic illustration of the synthesis of SiOx@C particles. 
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2.2. Experimental 

2.2.1. Synthesis of SiOx@C particles 

All the chemicals and solvents used in this work were analytical grade and used as 

received without further purification. In a typical procedure, ammonia solution (1 M, Kanto 

Chemical Co., Inc., Tokyo, Japan) was mixed with 3-aminophenol (Sigma-Aldrich, St. Louis, 

MO) in ultrapure water. After stirring at room temperature until the solution became clear, 

CTAB (Sigma-Aldrich, St. Louis, MO) dissolved in methanol was added and continually stirred 

for 15 min. Then TMOS (99.9%, Sigma-Aldrich, St. Louis, MO) and formaldehyde (Kanto 

Chemical Co., Inc., Tokyo, Japan) were simultaneously added to the solution. The reaction 

mixture was placed in a microwave reactor (μ-Reactor, Shikokukeisokukogyo, Kagawa, Japan) 

and stirred at 40 °C. After 15 min, the temperature was increased to 70 °C and kept constant for 

75 min. The resulting SiO2@APF resin particles were isolated from the solution by 

centrifugation at 8000 rpm and washed with ethanol and ultrapure water several times. After 

drying in a vacuum oven, the particles were carbonized in a tube furnace at 1200 °C for 3 h 

under nitrogen atmosphere (1.0 L min-1). The samples were then cooled to room temperature to 

obtain SiOx@C particles. Details of the conditions for sample preparation for SiO2@APF resin 

and SiOx@C particles are summarized in Table 2.1. 
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Table 2.1a. List of SiO2@APF resin particles and their corresponding figure(s) in the chapter 2. 

Sample Methanol 

(mL) 

CTAB 

(g) 

3-Aminophenol 

(g) 

Water 

(mL) 

Ammonia 

(mL) 

TMOS 

(mL) 

Formaldehyde 

(mL) 

Corresponding 

figure(s) 

R1 52.0 0.75 0.266 47.4 2.32 0.0884 0.368 2.2(a), 2.4(d) 

R2 0 0.75 0.266 99.4 2.32 0.0884 0.368 2.2(b) 

R3 52.0 0 0.266 47.4 2.32 0.0884 0.368 2.2(c) 

R4 17.3 0.75 0.266 47.4 2.32 0.0884 0.368 2.4(a) 

R5 34.6 0.75 0.266 47.4 2.32 0.0884 0.368 2.4(b) 

R6 43.3 0.75 0.266 47.4 2.32 0.0884 0.368 2.4(c) 

R7 60.6 0.75 0.266 47.4 2.32 0.0884 0.368 2.4(e) 

 

Table 2.1b. List of SiOx@C particles and their corresponding figure(s) in the chapter 2. 

Sample[a] Methanol 

(mL) 

CTAB 

(g) 

3-Aminophenol 

(g) 

Water 

(mL) 

Ammonia 

(mL) 

TMOS 

(mL) 

Formaldehyde 

(mL) 

Corresponding 

figure(s) 

C1 52.0 0.75 0.266 47.4 2.32 0.0884 0.368 2.6(a) 

C2 52.0 0.75 0.199 47.4 2.32 0.0884 0.368 2.6(b) 

C3 52.0 0.75 0.133 47.4 2.32 0.0884 0.368 2.6(c), 2.7(a) 

[a]: Carbonization conditions: nitrogen atmosphere, 3 h, 1200 oC. 

 

2.2.2. Characterization 

The morphologies of the synthesized SiO2@APF resin and SiOx@C particles were 

examined by field emission scanning electron microscopy (SEM; S-5200, 20 kV, Hitachi High-

Technologies. Corp., Tokyo, Japan) and transmission electron microscopy (TEM; JEM-2010, 

200 kV, JEOL Ltd., Tokyo, Japan). The particle size and shell thickness were determined by 

measuring approximately 350 randomly selected particles totally from SEM and TEM images. 

The elemental distribution in the prepared samples was carried out via an energy-dispersive X-

ray spectroscopy (EDX) attached to the TEM apparatus. The micelle size and zeta potential were 

determined at 25 oC by dynamic light scattering (DLS; Zetasizer Nano ZSP, Malvern 

Instruments Ltd., Malvern, UK). The functional groups and chemical compositions of the 
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prepared samples during the microwave irradiation process were investigated by Fourier-

transform infrared (FT-IR) spectroscopy (Spectrum One, Perkin Elmer Inc., Waltham, MA, 

USA). The content of SiOx in SiOx@C particles was investigated by thermogravimetric analysis 

(TGA; TGA-50/51 Shimadzu Corp., Kyoto, Japan). Elemental analysis was carried out using X-

ray photoelectron spectroscopy (XPS; PHI Quantera II, Physical Electronics, Chanhassen, MN, 

USA). The nitrogen adsorption−desorption properties of the SiOx@C particles were measured 

using gas adsorption measurement equipment (BELSORP-max, MicrotracBEL Corp., Osaka, 

Japan), and the specific surface area was calculated using Brunauer−Emmett−Teller (BET) 

method from the nitrogen isotherm curve. The existence of carbon was investigated using Raman 

spectroscopy (Renishaw in Viamicro-Raman spectroscopy system equipped with a 514.5 nm 

laser). 

 

2.2.3. Electrochemical measurements 

The electrode was prepared by coating copper foil with a slurry consisting of the active 

material powder (96 wt%) and poly(vinylidene fluoride) (4 wt%). After drying at 80 oC on a hot 

plate for 30 min, the copper foil containing the active materials was tightly pressed using a roll 

press. The pressed electrode was placed in a vacuum drying oven for 3 h and punched into 

circular discs with a diameter of 14 mm for use as the working electrode. For measuring the 

electrochemical performance of electrode, 2032 coin-type half-cells were assembled in a high 

purity argon-filled glove box using lithium foil as the counter electrode, and lithium 

hexafluorophosphate (1 M) in a mixture of ethylene carbonate, dimethyl carbonate, and ethyl 

methyl carbonate with a volume ratio of 1:1:1 as the electrolyte. The cell performance was 

evaluated by the galvanostatic charge−discharge cycling tests, which were measured in the 

potential range of 0.01 − 1.4 V versus Li/Li+ using a TOSCAT-3100 (Tokyo System Co., Ltd., 

Japan) battery system. The whole process was carried out using a constant current density for 

charging and discharging. The current density was determined in terms of the rate of charging 

and denoted as C rate. In this study, the current density applied was 0.2 C (100 mASiOx@C-g-1) for 

SiOx@C electrode. SiOx@C particles were developed for the negative electrode. However, for 

the batteries test, SiOx@C particles were used as the cathode. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) measurements were recorded at room 
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temperature using an electrochemical workstation (CHI 760D, Shanghai CH Instruments Co., 

China). The CV curves were measured at a scan rate of 0.1 mV s-1 in the potential range of 0.01 

– 1.4 V. The EIS spectra were carried out in the frequency region from 100 kHz to 0.01 Hz with 

a signal amplitude of 5 mV. 

 

2.3. Results and Discussion 

2.3.1. Preparation of SiO2@APF resin particles 

In a typical coating process, the compatibility between the core surface and the shell is 

one of the most important factors in achieving successful coating [31,33–35]. In the initial 

experiment, when methanol and CTAB were present in the reaction system, the core−shell 

particles with a highly uniform spherical morphology were successfully formed as shown in the 

SEM and TEM results (Figure 2.2(a)). The TEM image in Figure 2.2(a-2) implies that the 

coating of APF resin is well-distributed outside as the shell and most part of SiO2 particles act as 

the core were inserted. A clear contrast indicates a gap between the core and the shell, which 

further confirms the core−shell structure. In addition, EDX analysis was used to determine the 

elemental distributions of carbon, silicon, and oxygen in the sample. As seen in Figure 2.2(a-3) 

and 2.2(a-4), the contents of silicon and oxygen elements inside the obtained particles are higher 

than those outside. On the other hand, comparative experiments were performed to understand 

the functions of methanol and CTAB in the core−shell particle formation. In the absence of 

methanol, no core−shell structure was obtained after the reaction as shown in Figure 2.2(b). The 

formation of irregular morphologies and a large amount of aggregated particles were observed, 

indicating the shape of the particles can be adjusted through control the presence of methanol. In 

the absence of CTAB, APF resin particles and SiO2 particles were formed without a uniform 

core−shell structure as shown in Figure 2.2(c). Furthermore, EDX analysis was performed to 

determine the chemical composition of these particles (Figure 2.2(c-3) and 2.2 (c-4)). Compared 

with Figure 2.2(a-3) and 2.2(a-4), a large amount of silicon and oxygen constituents were 

present outside the sample, which strongly indicates that no core−shell structure formation 

occurred in this case. These results clearly show that methanol and CTAB play a crucial role in 
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the formation of particles with a core−shell structure. If either of these reactants is absent, the 

synthesis will be unsuccessful. 

 



Chapter 2. Controllable Synthesis of Carbon-Coated SiOx Particles through a Simultaneous Reaction 

between the Hydrolysis-Condensation of Tetramethyl Orthosilicate and the Polymerization of 3-Aminophenol 

45 

 

 



Chapter 2. Controllable Synthesis of Carbon-Coated SiOx Particles through a Simultaneous Reaction 

between the Hydrolysis-Condensation of Tetramethyl Orthosilicate and the Polymerization of 3-Aminophenol 

46 

 

Figure 2.2. Images of SiO2@APF resin particles synthesized (a) with methanol and CTAB (R1), (b) 

without methanol (R2), and (c) without CTAB (R3); (a-1, b-1, c-1) SEM images, (a-2, b-2, c-2) TEM 

images, and (a-3, a-4, c-3, c-4) EDX results. 

On the basis of these observations, we propose a possible mechanism for the formation of 

a core−shell structure (Figure 2.3(i)). With respect to nucleation, the formation of core−shell 

structure is dominated by homogeneous and heterogeneous nucleation, and the heterogeneous 

nucleation is favored due to the lower energy barrier [36]. In the case of using methanol and 

CTAB, the cationic surfactant (i.e. CTAB) formed micelles in the ternary solution (ammonia-

methanol-water). Because the dielectric constant of methanol (32.6) is lower than that of water 

(78.5) [37], it is easier for methanol to penetrate the interior of the CTAB micelle due to the 

hydrophobic interaction, forming a methanol-rich phase inside the micelle. Upon adding TMOS 

under stirring, it would diffuse into the internal hydrophobic region of the CTAB micelles 

together with methanol due to their hydrophobic properties (Figure 2.3(i)-(1)). The CTAB 

micelle is positively charged with a zeta potential value of around +19.1 mV. The SiO2 species 

from the hydrolysis and condensation reactions of TMOS can first assemble with CTAB micelles 

through electrical interactions (Figure 2.3(i)-(2) and (i)-(3)). Then, the reaction between 3-

aminophenol and formaldehyde will occur in the presence of ammonia as a catalyst [32], which 

generates APF resin intermediates in the ternary solution (Figure 2.3(i)-(4)). According to our 

previous paper [35], the APF resin generated from a similar reaction system has a negative 

charge (−20.0 mV). Therefore, the APF resin can assemble with the positively charged CTAB 

micelle through the assistance of electrostatic interactions, which results in the formation of an 

APF outer shell surrounding a SiO2 core (Figure 2.3(i)-(5)). Because the hydrolysis and 

condensation rate of TMOS are faster than the polymerization rate of APF in the initial stage, the 

SiO2 particles are formed as the core, eventually producing a core−shell structure.  

In the absence of methanol (Figure 2.3(ii)), the polarity of the solvent is increased and 

the hydrolysis rate of TMOS is fast, thus resulting in a fast nucleation of SiO2. When CTAB is 

dissolved in only water, the hydrophobic carbon chain, which has a lower dielectric constant, 

rapidly escapes from the water medium and smaller diameter micelles are formed [38]. The 

negatively charged SiO2 nuclei and APF resin can easily connect with CTAB to form 

aggregation. It is accepted that methanol plays an essential role in the formation of stable APF 
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resin/SiO2 aggregates, which contributes to control the hydrolysis and condensation rate of 

TMOS, and TMOS hydrolysis takes place in the CTAB-stabilized methanol/water micelle. 

From this proposed mechanism, it is noteworthy that the participation of CTAB plays an 

important role in the formation of core−shell structure. Without CTAB (Figure 2.3(iii)), it is 

difficult to induce an efficient assembly, the negatively charged APF resin and SiO2 particles do 

not attract each other due to the electrostatic repulsion; therefore, most of them remain stable in 

the ternary solution. This result demonstrated that the corresponding self-assembly between the 

APF resin and SiO2 particles cannot take place, so the core−shell structure cannot be obtained. 

 



Chapter 2. Controllable Synthesis of Carbon-Coated SiOx Particles through a Simultaneous Reaction 

between the Hydrolysis-Condensation of Tetramethyl Orthosilicate and the Polymerization of 3-Aminophenol 

48 

 

 

Figure 2.3. Schematic illustration of the formation mechanism of SiO2@APF resin particles. 
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We further evaluated the effect of methanol concentration in the reaction system by 

varying the methanol/water molar ratio and observing the morphologies of the resulting particles 

as shown in Figure 2.4.  

Figure 2.4(a–e) show the SEM and TEM images of SiO2@APF resin particles 

synthesized with different amounts of methanol. Figure 2.4(f) shows that the composite particle 

size increases from 29 to 316 nm with increasing methanol/water molar ratio from 0.16 to 0.57. 

As a control, the relationship between the CTAB micelle size and the methanol/water molar ratio 

was also carried out by DLS. The overall trend in the SiO2@APF resin particle size was 

consistent with the trend in the CTAB-stabilized micelle size at different methanol/water ratios 

(Figure 2.4(f)). This consistency in the trend strongly indicates that both 3-aminophenol 

polymerization and TMOS hydrolysis took place in the CTAB-stabilized methanol/water 

micelle. Furthermore, it is interesting that a change of methanol/water ratio in the synthesis 

solution also affects the composite structure. The core−shell structure was not formed at a low 

methanol/water ratio (0.16) as shown in Figure 2.4(a-2). In this case, the hydrolysis reaction rate 

of TMOS is fast, and homogeneous nucleation tends to occur rapidly, which leads to the 

formation of APF resin/SiO2 aggregates. This phenomenon was the same as that observed in the 

case of without methanol, which has been discussed earlier. Addition of more methanol to the 

reaction system up to a certain methanol/water ratio improves the dispersion of the particles. 

Figure 2.4(b-2), 2.4(c-2), 2.4(d-2), and 2.4(e-2) show that the core−shell particles with a 

relatively smooth surface were successfully produced at methanol/water ratios of 0.32, 0.40, 

0.49, and 0.57, respectively, indicating the high quality of our synthetic method. In comparison 

with the heavily necking particles in Figure 2.4(a-2), the particles are homogeneously dispersed 

as shown in Figure 2.4(d-2). Therefore, the optimum methanol/water ratio is 0.49. The particle 

size distribution of SiO2@APF resin at this ratio was determined and the results are shown in 

Figure 2.4(g). The average particle size (DP) is 206 nm and the size distribution is very narrow 

with a geometric standard deviation σg ≈ 1.1. 
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Figure 2.4. Images of SiO2@APF resin particles synthesized using different methanol/water 

molar ratio of 0.16 (R4), 0.32 (R5), 0.40 (R6), 0.49 (R1), and 0.57 (R7); (a-1−e-1) SEM images, 

(a-2−e-2) TEM images; (f) Relationship between methanol/water molar ratio and particle size, 

micelle size; (g) Particle size distribution for sample (R1) SiO2@APF resin particles using 

methanol/water ratio of 0.49. 

The SiO2@APF resin particles formed at a methanol/water molar ratio of 0.49 were 

further examined by FT-IR spectroscopy (Figure 2.5). FT-IR spectroscopy is used to identify the 

material composition and functional groups present in a sample. The FT-IR spectra were 

measured at room temperature in the spectral range from 500 to 4000 cm-1. The absorption peak 

at 1080 cm−1 corresponds to C–O–C stretching [39]. The peaks at 1620, 1506, and 1456 cm-1 are 

assigned to C=C stretching vibrations in the aromatic rings [40]. The peak at 2359 cm-1 

corresponds to the absorbance of CO2 from ambient air [41]. The two obvious peaks at 2922 and 

2853 cm−1 are attributed to the stretching vibration of –CH2– [42]. The appearance of these peaks 

may contribute to the APF resin of the core−shell particles. 

 

Figure 2.5. FT-IR spectrum of sample (R1) SiO2@APF resin particles formed at methanol/water 

molar ratio of 0.49. 
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2.3.2. Preparation of SiOx@C particles 

The SiO2@APF resin particles can be readily converted into carbon through a simple 

carbonization process in a nitrogen atmosphere at 1200 oC to obtain the SiOx@C particles, which 

maintained their structural integrity and spherical morphology, as can be observed in the SEM 

and TEM images in Figure 2.6(a). The resulting particles exhibited excellent thermal stability. 

However, the carbon shell thickness became smaller than that of the shell before carbonization; 

for example, it decreases from 76 nm in the SiO2@APF resin to 29 nm due to the shrinkage 

during the carbonization process. A primary advantage of the developed synthetic approach is 

that the shell thickness of the core−shell particles can be precisely adjusted by simply controlling 

the amount of 3-aminophenol precursor, while keeping all the other synthetic parameters 

constant. This provides an effective method for creating core−shell particles with a thin shell, 

which is highly desirable for application in high-performance LIBs. Figure 2.6 shows that the 

carbon shell thickness of the particles decreases from 29 to 13 nm by gradually decreasing 

amount of 3-aminophenol from 0.266 to 0.133 g. This result is consistent with the previously 

reported results for the synthesis of SiO2 or carbon spheres via sol-gel method [43]. 
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Figure 2.6. Images of SiOx@C particles synthesized at different amount of 3-aminophenol of (a) 

0.266 g (C1), (b) 0.199 g (C2), and (c) 0.133 g (C3); (a-1−c-1) SEM, (a-2−c-2) TEM images. 

 

For a better understanding of the SiOx@C particle properties, different characterizations 

were carried out as shown in Figure 2.7. Sample C3 with a thin shell (13 nm) as shown in 

Figure 2.7(a) was used as an example. Compared with Figure 2.4(d-2), the particles in Figure 

2.7(a-2) were not homogeneously dispersed. However, the core−shell particles with a thin shell 

may be expected to be very beneficial to enhance the diffusion of ions and electrons, relieve the 
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volume change and pulverize the active material upon discharge−charge processes [44]. This can 

contribute to the fully utilizing the active SiOx and provides a positive effect on the 

electrochemical performance of LIBs. In order to verify the SiOx content in this sample, the TGA 

data were collected. The result shown in Figure 2.7(b) demonstrates that the SiOx content in the 

SiOx@C particles is approximately 33.3 wt%. 

XPS was applied to reveal the elemental information and their chemical valence states in 

the composite constituents, as illustrated in Figure 2.7(c–e). The C 1s spectrum (Figure 2.7(c)) 

shows a sharp peak at a binding energy of about 283.8 eV, which is related to C–C bond [24]. 

Furthermore, no peaks at 282.2 eV were observed, which suggested the absence of C–Si bond 

[45]. The peak observed at about 532.1 eV in the O 1s spectrum (Figure 2.7(d)) corresponds to 

C–O–C bond. This peak consisted of overlapped peaks for C–O–Si and Si–O–Si bonds, which 

suggested a formation of SiOC phase [46]. In addition, the Si 2p spectrum (Figure 2.7(e)) 

showed that a broad peak could be fitted to the contribution of the two peaks centered at 102.0 

and 102.5 eV, which corresponded to Si2+ and Si3+, respectively [47]. According to the fitted 

peak areas of Figure 2.7(e), the proportion of these valence states of Si2+ and Si3+ were estimated 

to be 19.9% and 80.1%, respectively. The average valence state of Si was 2.8, calculated based 

on the deconvoluted peak area of two components, which corresponded to the chemical formula 

of SiO1.4. Moreover, no peaks centered at around 99 eV were detected, it can be assured that 

there was no elemental silicon in the SiOx@C particles [48]. The results indicated that there were 

different chemical states of Si in SiOx, which was probably caused by the carbothermal reduction 

occurring between silica and carbon during the heating process (SiO2 + C → SiOx + CO2-x). 

Raman spectroscopy was further applied to analyze the chemical bonding in the 

composites due to its high sensitivity to the electronic structures. As shown in Figure 2.7(f), two 

obvious characteristic peaks at approximately 1362 and 1589 cm-1 in the spectrum were clearly 

observed, which correspond to the typical Raman modes of the D band and G band of carbon 

refer to disordered sp3 and sp2-bonded carbon atoms, respectively [49]. The results demonstrate 

that the APF shell was successfully transformed into a conductive carbon layer through the high 

temperature treatment. The integral intensity ratio of the D peak (red line) and G peak (green 

line) (ID/IG) was derived from the fitting method of separate Gaussian curves. A Gaussian 

function was used to fit the peaks with R2 > 0.99. The graphitization degree of carbon materials 
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can be generally acquired from the ID/IG ratio. The ID/IG ratio of SiOx@C particles is estimated to 

be 1.08, which indicates a low degree of graphitization and the presence of disordered carbon 

[27]. The ID/IG ratio will decrease as the carbonization temperature increases. This suggests that 

increasing the carbonization temperature promotes graphitization [50]. Furthermore, the specific 

surface area will increase by increasing the carbonization temperature [43]. The structure with 

more efficient void spaces could provide more efficient ionic transportation pathways and 

facilitate the diffusion of lithium ion between the electrolyte and SiOx, which would result in the 

accelerated lithiation process of SiOx [51]. Therefore, we chose 1200 oC as the temperature for 

the carbonization process. 

Figure 2.7(g) shows the nitrogen adsorption-desorption isotherms of SiOx@C particles. 

The volume of nitrogen adsorbed increases at a relative pressures close to one, which is 

characteristic for type II isotherms. This observation was indicative of the nonporous material, 

according to the IUPAC classification [52]. On the basis of the aforementioned adsorption 

isotherms, it can be obtained a high specific surface area of 139 m2 g-1 and the total pore volume 

of 0.11 cm3 g-1. 
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Figure 2.7. (a) SEM and TEM images of SiOx@C particles (C3); (b) TGA curve for SiOx@C 

particles in air; (c), (d) and (e) XPS spectra of C 1s, O 1s and Si 2p, respectively; (f) Raman 

spectrum of SiOx@C particles; and (g) nitrogen adsorption–desorption isotherms of SiOx@C 

particles. 



Chapter 2. Controllable Synthesis of Carbon-Coated SiOx Particles through a Simultaneous Reaction 

between the Hydrolysis-Condensation of Tetramethyl Orthosilicate and the Polymerization of 3-Aminophenol 

57 

 

2.3.3. Electrochemical analysis 

The electrochemical activity of SiOx@C particles in lithium storage was investigated 

using sample C3 as the anode material for LIBs. 

 

Figure 2.8. (a) Cyclic voltammogram of SiOx@C particles; (b) galvanostatic charge–discharge 

profile of SiOx@C particles electrode at 1st, 5th, 10th, 20th, 30th, 50th, and 100th cycles, (c) cyclic 

performance of SiOx@C particles as a lithium battery anode, and (d) Nyquist plots of SiOx@C 

particles with the equivalent circuit for fitting. 

CV was performed in the voltage window from 0.01 to 1.4 V at a scan rate of 0.1 mV s-1 

to evaluate the reactions that occur during Li-ion insertion–extraction processes. The results are 
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shown in Figure 2.8(a). The first cycle shows a clear cathodic peak at 0.48 V, which can be 

attributed to the electrolyte decomposition to form a solid electrolyte interface (SEI) layer and 

alloying reactions (reactions 1 and 2) [53,54].  

SiOx + 2xLi+ + 2xe- → xLi2O + Si  (1) 

Si + xLi+ + xe- ↔ LixSi  (2) 

The first cycle shows a broad anodic peak between 0.1 and 1.0 V, which indicates 

dealloying reaction of LixSi back to Si. The position of this broad peak is consistent with our 

previous finding that the dealloying reaction is indicated by an anodic peak at around 0.32 and 

0.53 V [28]. The broad anodic peak impeded the identification of the exact peaks position. 

Therefore, the reversibility of the reactions could not be determined from the ratio of the anodic 

and cathodic peak current densities. However, the different shapes of the anodic and cathodic 

curves suggest an irreversible reaction was taking place, which referred to the formation of SEI. 

The CV curve of the second cycle superimposes that of the first cycle, which indicates that the 

same irreversible SEI with the same degree of irreversibility also occurred in the second cycle. 

Figure 2.8(b) displays the galvanostatic discharge (Li extraction)–charge (Li insertion) 

measurements for the SiOx@C electrode at different cycles at a current density of 100 mA g-1 

within the voltage range of 0.01 – 2.0 V versus Li/Li+. It can be found that the discharge−charge 

curves are remarkably consistent with the above CV profiles shown in Figure 2.8(a). The 

discharge curve for the first cycle shows a steep slope between 0.4 and 1.0 V and a gentle slope 

at the voltages below 0.4 V. The discharge curves for the fifth and subsequent cycles show a 

different trend, which indicates that the reversible alloying–dealloying dominates the cycles after 

the fifth cycle.  

In the first cycle, the SiOx@C particles show an initial specific discharge capacity of 

509.2 mAh g−1 with a low CE of approximately 44.3%. The initial irreversible capacity loss and 

low CE are mainly caused by the formation of a SEI on the electrode surface and decomposition 

of the electrolyte during the charge–discharge process [55]. Furthermore, it has been reported 

that a reversible interplay between SiOC glasses and lithium ions occurs in electrochemical 

operations [56]. At higher temperature (approximately more than 900 oC), a carbothermic 

reduction leads to the formation of SiOC glasses, which may contribute to the capacity loss 

during the first cycle of lithium insertion. Obviously, the discharge capacities in the subsequent 
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cycles are much smaller than that in the first cycle because the SEI layer formation in the first 

cycle consumes a large amount of lithium ions, which results in a higher irreversible capacity. 

The ID/IG ratio in the Raman spectrum in Figure 2.7(f) is 1.08, which indicates the existence of 

disordered sp3 carbon structure. The functional groups on the surface of the sp3 carbon (e.g. 

phenol, carboxyl, and carboxylic anhydride groups) possibly resulted in the lowered capacity by 

performing irreversible reactions during the SEI formation [57]. 

As an important properties of LIBs, the long-term cycling stability and the corresponding 

CE of the SiOx anode were tested for 100 cycles. As presented in Figure 2.8(c), SiOx had a 

discharge capacity of 509.2 mAh g-1 in the first cycle, but only 393.9 mAh g-1 remained after the 

tenth cycle with the CE reached 99.1%. Additionally, it is worth mentioning that the CE 

increased rapidly from 44.3% to 93.5% in the second cycle and still maintained at about 99% in 

the following cycles. This indicates that a stable SEI layer was formed on the electrode surface 

as the cycle number increased. The capacity retention was approximately 80% after 100 cycles. 

The morphological and structural change of SiOx@C electrodes before and after 100 cycles were 

observed by SEM (Figure 2.9). As seen in Figure 2.9(b-1), after cycling, a uniform SEI layer 

was formed on the surface of the SiOx@C electrode and the surface morphology changed 

compared with the sample before cycling test as shown in Figure 2.9(a-1). Some consecutive 

long cracks presence on the surface of SiOx@C electrode were observed from the SEM results 

(Figure 2.9(b-2)), which might have been caused by the volume expansion of SiOx particles. In 

this study, the core–shell structure should enable an optimum contact with the carbon matrix to 

decrease the volume expansion but the carbon layer was insufficiently coated SiOx. However, the 

electrochemical performance of SiOx@C particles was significantly better than that achieved in 

our previous research (SiOx on carbon) [28]. This result indicated the effect of core−shell 

structure on the performance of LIBs. Therefore, a future optimization is necessary to improve 

the capacity retention. 

The carbon coating layer not only alleviates volume expansion during the charge–

discharge process but also provides a backbone for electron transfer and channels for ionic 

diffusion, while protecting the electrode active material from direct contact with the electrolyte 

[58]. Therefore, the electronic conductivity and ionic diffusion are two parameters to be clarified 

using EIS [59]. The resulting Nyquist plots for the electrode materials were recorded at room 
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temperature before cycling and after 100 cycles (in the delithiated state) and compared. The 

impedance spectra represent a combination of a semicircle in the moderate-frequency region and 

a straight line in the low-frequency region. The depressed semicircle in the moderate-frequency 

region is attributed to the charge transfer process. The charge transfer resistance (Rct) of an 

electrode material can be approximately determined from the diameter of the semicircle on the 

Zre axis of a Nyquist plot. The straight line in the low-frequency region implies a typical 

Warburg behavior, which corresponds to solid-state diffusion of lithium ions into the bulk of the 

electrode material. The high-frequency region represents electronic conductivity, where the film 

resistance (RΩ) is indicated by the impedance at the beginning of the first semicircle. Figure 

2.8(d) shows the Nyquist plot and the equivalent circuit model used, from which the key kinetic 

parameters are obtained by simulation. The fitted impedance parameters, that is, the equivalent 

series resistance of electrons within the electrode structure (RΩ) and charge transfer resistance 

between the electrolyte interface and electrode (Rct), are listed in Table 2.2.  

For the SiOx@C particles, the value of RΩ increased after 100 cycles because of the 

changes in the carbon structure as a result of Li+ insertion–extraction. However, after 100 cycles, 

the diameters of the semicircles for SiOx@C particles became remarkably smaller than those 

before cycling. This indicates that the value of Rct between the electrolyte and active materials in 

the former is far less than that in the latter, which contributes to a smaller barrier to perform 

alloying–dealloying reactions of SiOx@C. The fitted data in Table 2.2 shown that the Rct of 

SiOx@C particles was 39.5 Ω before cycling, and as the cycle number was increased, dropped 

down to 22.2 Ω after 100 cycles.  

The overall electrochemical results illustrate that the electrode materials were fully 

accelerated by the lithiation process in the charge–discharge cycles, which led to enhanced 

lithium ions diffusion kinetics contributed by the formed Li2O during the electrochemical 

reaction between SiOx and lithium ions, as well as the slow permeation of the electrolyte into the 

core−shell structure. Furthermore, the significantly improved electrochemical performance 

achieved in this work compared with that reported in our previous paper [28] can be explained 

by the structure of the material. The SiOx@C particles with core−shell structure guarantee an 

optimum contact with the carbon matrix and the round shape of the carbon shell is highly 

resilient toward stress. These will contribute to improving the conductivity of SiOx and exerting 
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the function of carbon. Therefore, the SiOx@C electrode has a spherical morphology and good 

electrochemical properties in the cycling process and is a promising anode material for LIBs. 

 

 

Figure 2.9. SEM images of SiOx@C electrodes (a) before cycling and (b) after 100 cycles. 

 

Table 2.2. Equivalent circuit parameters for SiOx@C obtained from fitting experimental 

impedance spectra. 

Sample  RΩ (Ω) Rct (Ω) 

SiOx@C 
0th cycle 2.51 39.5 

100th cycle 6.80 22.2 
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2.4. Conclusions 

In summary, we have successfully synthesized SiOx@C core−shell particles through a 

sol-gel method followed by a carbonization process, using TMOS instead of the traditionally 

used TEOS. The obtained core−shell particles had structural integrity and spherical morphology, 

which makes TMOS as an excellent silica precursor and renders this approach attractive for 

future applications. In addition, the developed synthetic route has many prominent advantages: 

mild condition, easy to control, low cost, and high production. When used as the anode material 

for LIBs, the obtained SiOx@C particles delivered a reversible capacity of 509.2 mAh g-1 at 100 

mA g-1 and the capacity retention was approximately 80% after 100 cycles. The electrochemical 

performance of SiOx@C particles was significantly better than those achieved in our previously 

reported studies due to the morphology and structure of the material. These results suggest that 

the use of TMOS and our developed synthetic strategy will open up new opportunities for the 

development of functional SiOx@C particles with core−shell structure for diverse applications. 
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Chapter 3 

Controllable Synthesis of Spherical Carbon Particles 

Transition from Dense to Hollow Structure Derived 

from Kraft Lignin 

3.1. Introduction 

In recent years, the rational design and synthesis of nanostructured particulate materials 

in favorable morphologies have attracted tremendous interests. Such syntheses represent 

fundamental challenges in the fields of colloids and surface science and could also provide a 

means to progress towards renewable energy solutions for the construction of sustainable 

societies [1–6]. From an engineering point of view, the spherical particles offer greater 

advantages over than that of other shapes because (i) they have no sharp edges and so are less 

prone to breaking or damaging other materials during processing; (ii) the regular shape and size 

of them allows the efficient ordering of objects in closely packed states, especially in the case 

that necks and pores are present; and (iii) they have the best fluidity [7,8]. In particular, spherical 

carbon particles have received a great deal of interest due to their outstanding physical properties, 

such as good fluidity, smooth surfaces, superior packing, and harmless [9,10]. These properties 

make carbon spheres good candidates for a wide range of potential applications, including 

catalyst supports [11], adsorbents [12], chemical protective clothing [13], blood purification [14], 

and energy storage [15,16]. Therefore, numerous research efforts have been devoted to 

developing advanced strategies for the preparation of spherical carbon, both with regard to the 

selection of synthesis methods and carbon sources. However, from the long-term perspective of 

sustainable development, the simple, easy fabrication of spherical carbon particles with uniform 

particle sizes and good dispersity remains a grand challenge.  

Lignocellulosic biomass, primarily consists of three components (e.g. cellulose, 

hemicellulose, and lignin), has emerged as an ideal precursor for the production of spherical 

carbon materials because of its favorable renewability, reproducible, readily availability, cost-
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effective, and environmentally benign [17,18]. In particular, lignin is of interest because it is a 

byproduct of the conversion of biomass to biofuel and also of paper making, such that several 

million pounds are generated annually [19]. Furthermore, as the second most abundant phenolic 

polymer in nature (surpassed only by cellulose) and the first most abundant aromatic polymer, 

lignin can be considered as a potential sustainable source for the preparation of spherical carbon. 

This material offers numerous unique properties, such as a high carbon content (above 60 wt%), 

good thermal stability, abundant aromatic rings, extensively crosslinked polyphenolic structure, 

and low feedstock cost [20,21]. There are several methods for preparing colloidal carbon 

particles based on lignin or lignin derivatives, including hydrothermal/solvothermal [22], self-

assembly [23], precipitation [24], hard-template/soft-template [25], as well as the direct pyrolysis 

of spherical precursors [26]. However, all these approaches still suffer from several drawbacks, 

such as the destruction of the spherical structure during the carbonization process, the necessity 

for high-pressure equipment, high energy consumption, costly templates and low yields, as well 

as time-consuming and complicated manufacturing processes. These factors therefore limit the 

development of environmentally friendly, economically sustainable and large-scale practical 

applications. Addressing these issues will require either reducing the associated costs or 

simplifying the preparation procedures by decreasing the time- and energy-consuming steps in 

accordance with green chemistry principles. Compared with the above-mentioned strategies, 

spray drying technique is the most promising method to control particle morphology and 

represents a versatile, continuous and rapid process [27,28]. The particles/colloids can be 

prepared by spray drying on a large scale and tend to show narrow particle size distribution and 

highly spherical shape, which can be tailored by adjusting the spray parameters [29].  

Although lignin has been used as a raw material for the preparation of carbon materials, 

there have been few reports of the successful production of carbon spheres from lignin-based 

materials using spray drying [30]. To date, no studies have investigated the formation of well-

controlled morphologies or the associated particle formation mechanism. Chen et al. [31] 

reported the preparation of porous carbon using spray drying and carbonization process, 

employing lignosulfonate as the carbonaceous precursor and potassium hydroxide (KOH) as the 

activator. However, following the carbonization process, the resulting particles had wrinkled 

surfaces, meaning that perfectly spherical structures of the carbon were not obtained. For this 
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reason, precise design the spherical carbon particles derived from lignin are urgently needed to 

develop novel strategies. As noted, spray drying has become an established method in several 

research fields, however, to date, the capabilities of this technique have not been fully exploited 

and reported yet, especially in examining the formation mechanism of lignin and lignin 

composites (e.g. lignin/KOH composites) and controlling the structure of the finally obtained 

carbon by adjusting the KOH concentration. 

Aiming at the problems mentioned above and using previously reported work as 

inspiration, the objectives of the present study were (i) to synthesize spherical carbon particles 

derived from Kraft lignin, (ii) to demonstrate the effects of the KOH concentration on particle 

morphology and structure, and (iii) to obtain an in-depth understanding of the formation 

mechanism of lignin/KOH composites during the spray drying from colloids and surface science 

points of view. In this work, spherical carbon particles were attempted to fabricate using Kraft 

lignin as the carbon source and solid KOH as the activation agent in the water solution. 

Compared with lignosulfonate, Kraft lignin has a high purity because it contains lower amounts 

of sulfur, carbohydrate residues, and inorganic impurities [32]. In addition, from the other 

reported processes, lignin is first carbonized and then mixed with high amounts of KOH for 

activation at high temperatures [33,34]. However, in our work, Kraft lignin was initially well 

dissolved in distilled water together with varying amounts of solid KOH, which is considered 

beneficial to the activation process, and the spherical shapes were obtained by spray drying this 

solution. These materials can be readily converted to carbon through a simple carbonization 

process in a nitrogen atmosphere while maintaining their structural integrity and spherical 

morphology, which cannot be possessed in the previously reported literature. Furthermore, the 

distinct advantage of this process is a self-stable system without any addition of template 

materials or the use of prefabricated spherical precursors, and this efficient technique is suitable 

for large scale applications. In addition, the well-controlled morphology of carbon transition 

from dense sphere to hollow sphere structure can be achieved by adjusting the KOH 

concentration. The use of a cheap, renewable byproduct as the carbon precursor, water as the 

solvent could lower the production costs of carbon materials and would also render this approach 

as an environmentally friendly process. The results of this work provide helpful information with 
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regard to the utilization of biomass materials in commercial applications and in the fields of 

colloidal and interface science. 

 

3.2. Experimental 

3.2.1. Synthesis of carbon particles derived from Kraft lignin 

All chemicals used in this work were of analytical grade and were used as received 

without further purification. The Kraft lignin serving as the carbon source was obtained from 

Kuraray Co., Ltd., Japan. In a typical procedure, the preparation of carbon particles involves 

three steps as shown in Figure 3.1. Kraft lignin was initially dissolved in distilled water together 

with varying amounts of solid KOH (Kanto Chemical Co., Inc., Tokyo, Japan) to form a 

homogeneous solution that was stirred at room temperature for 30 min. This solution was 

subsequently transferred into a mini spray-dryer (BÜCHI B-290, Switzerland) and spray-dried 

through a two-fluid nozzle system at an inlet temperature of 200 oC. Hot air was used as the 

carrier gas at a flow rate of 10 L/min and a precursor feed rate of 2.5 mL/min was employed to 

obtain the spherical lignin/KOH composite particles. These composite particles were then 

carbonized in a horizontal tube furnace by heating from room temperature to 700 – 900 oC at 5 

oC/min and then holding at the final temperature for 2 h, all under a continuous flow of nitrogen 

atmosphere at 1.0 L/min. The carbonized material was naturally cooled down to room 

temperature and subsequently washed with 10 wt% aqueous hydrochloric acid (HCl) solution 

(Kanto Chemical Co., Inc., Tokyo, Japan) to completely remove residual KOH as well as any 

other impurities. The resulting black powder was washed with distilled water and centrifuged 

several times until the pH of the wash water was neutral. The resulting carbon particles were 

dried at 105 oC for 12 h in a vacuum oven. The products were marked as KLC-X-Y, where X 

represents the mass ratio of KOH to lignin (X = 0.17, 0.33, 0.67, 1.00, and 1.33), and Y indicates 

the carbonization temperature (Y = 700, 800, and 900 oC). For comparison study, the carbon 

sample without the addition of KOH denoted as LC-700 was also prepared through the same 

procedure as described above at a carbonization temperature of 700 oC. Details of the sample 

preparation conditions are summarized in Table 3.1. 
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 Figure 3.1. Schematic of experimental steps for producing spherical and dense carbon 

particles. 

Table 3.1. Formulations for the specimens derived from Kraft lignin in this work. 

Sample name Lignin (g) KOH (g) Water (g) KOH/lignin (-) 

LC-700 1.2 - 64 - 

KLC-0.17-700 1.2 0.2 64 0.17 

KLC-0.33-700 1.2 0.4 64 0.33 

KLC-0.33-800 1.2 0.4 64 0.33 

KLC-0.33-900 1.2 0.4 64 0.33 

KLC-0.67-700 1.2 0.8 64 0.67 

KLC-1.00-700 1.2 1.2 64 1.00 

KLC-1.33-700 1.2 1.6 64 1.33 
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3.2.2. Characterization 

The morphological and structural features of the resulting carbon particles were 

examined using field emission scanning electron microscopy (FE-SEM; S-5200, 20 kV, Hitachi 

High Technologies. Corp., Tokyo, Japan) and transmission electron microscopy (TEM; JEM-

2010, 200 kV, JEOL Ltd., Tokyo, Japan). The particle sizes were determined by measuring the 

diameters of more than 350 randomly selected particles totally from SEM and TEM images. The 

surface tensions of all solutions were measured at room temperature using a Wilhelmy-type 

CBVP-Z surface balance with a platinum plate (Kyowa Interface Science Co., Ltd., Japan). The 

viscosity of each solution was determined at room temperature using an Ostwald viscometer (As 

One Co., Ltd., Japan). In capillary viscometer, viscosity is measured by noting the time required 

for a known volume of solution to flow through a small capillary between two marked lines. The 

liquid densities of all samples were calculated based on masses obtained using a laboratory 

balance (Mettler Toledo AG204, Japan). All measurements were carried out three times to assess 

precision. Thermogravimetric analysis (TGA) was performed using a TGA instrument (TGA-

50/51 Shimadzu Corp., Kyoto, Japan) under a 10 mL/min flow of nitrogen, applying a heating 

rate of 5 oC/min. The crystallographic structures of the prepared particles were investigated using 

powder X-ray diffraction (XRD; D2 Phaser, 40 kV and 30 mA, Bruker Corp., USA). The 

disorder and graphitization degree of carbon particles were examined by Raman spectroscopy 

with a micro-Raman spectrometer employing an excitation laser wavelength of 514.5 nm 

(Renishaw). The nitrogen adsorption/desorption tests of the carbon particles were carried out 

using gas adsorption measurement equipment at 77 K (BELSORP-max, MicrotracBEL Corp., 

Osaka, Japan). All samples were degassed at 300 oC under high vacuum for 8 h prior to each 

measurement. The specific surface areas of the specimens were determined using the Brunauer-

Emmett-Teller (BET) method, whereas the pore size distributions were calculated according to 

the Density Functional Theory (DFT) method. The tap density of the carbon particles was 

measured using the following method. A certain amount of the carbon powder was added into a 

dry 5 mL cylinder, and then, the measuring cylinder was continuously tapped until the volume of 

the powder no longer changed. The ratio between the mass and the volume determined the tap 

density of the carbon particles. 

 



Chapter 3. Controllable Synthesis of Spherical Carbon Particles Transition from Dense to Hollow Structure 

Derived from Kraft Lignin 

75 

 

3.3. Results and Discussion 

3.3.1. Synthesis of spherical carbon particles derived from Kraft lignin 

In the initial experiment, comparative experiments were carried out to understand the 

function of KOH for spherical particle formation. In the absence of KOH, spherical structures 

were not obtained after carbonization process as confirmed by SEM observations (Figure 3.2(a-

1)). This image demonstrates that the majority of the particles exhibited a non-spherical 

morphology with wrinkled surfaces. In contrast, when KOH was present in this reaction system, 

the particles with highly uniform spherical shapes and smooth outer surfaces were successfully 

formed as shown in Figure 3.2(b-1). This result indicates that the shape of the particles could be 

adjusted through controlling the presence of KOH. For confirmation of the particle inner 

structure, the TEM images are depicted in Figure 3.2(a-2) and 3.2(b-2). Figure 3.2(a-2) shows 

that the hollow structures were produced in the absence of KOH. On the other hand, the dense 

particles can clearly be seen in case of using KOH in Figure 3.2(b-2). On the basis of these 

observations, it is apparent that KOH played a crucial role in the formation of particles with good 

sphericity and dense structure. 
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Figure 3.2. SEM (up) and TEM (down) images of carbon particles derived from (a) lignin (LC-

700) and (b) lignin/KOH composites (KLC-0.33-700). 

We further evaluated the effect of KOH concentration on the overall reaction system by 

varying the KOH/lignin mass ratio and observing the surface morphologies of the resulting 

particles as shown in Figure 3.3. Figure 3.3(a-e) displays the SEM and TEM images along with 

the corresponding particle size distributions of carbon particles obtained after carbonization with 

varying proportions of KOH. Overall, the carbon particles derived from spray drying show 

uniform morphologies with spherical structures in the SEM images (Figure 3.3(a-1–e-1)). In 

addition, the average carbon particle size increased from 0.85 to 1.92 µm as the KOH/lignin 

mass ratio increased from 0.17 to 1.33. All the spherical carbon particles generated by spray 

drying also exhibited relatively narrow particle size distributions as presented in Figure 3.3(a-3–

e-3). The TEM images indicate an interesting effect in which varying the KOH/lignin mass ratio 

in the synthesis solution modified the structure of the carbon particles. Specifically, as the 

KOH/lignin mass ratio increased, the structure of the carbon particles changed from dense to 

hollow. The dense structure was formed at low KOH/lignin mass ratios of 0.17 and 0.33 as 
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shown in Figure 3.3(a-2) and 3.3(b-2), respectively. In contrast, the continued addition of more 

KOH to the reaction system up to a ratio of 1.33 generated hollow spherical structures (Figure 

3.3(c-2–e-2)). Therefore, the structure of the carbon particles could be easily controlled from 

dense to hollow structure by adjusting the KOH concentration. 
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Figure 3.3. SEM and TEM images, and corresponding particle size distributions of carbon 

particles derived from Kraft lignin using different KOH/lignin mass ratios of (a) 0.17 (KLC-

0.17-700), (b) 0.33 (KLC-0.33-700), (c) 0.67 (KLC-0.67-700), (d) 1.00 (KLC-1.00-700), and 

(e) 1.33 (KLC-1.33-700). Dp indicates the geometric mean particle diameter.  

 

3.3.2. Proposed mechanism for particle formation  

On the basic of these results achieved from SEM and TEM analyses, a possible particle 

formation mechanism in spray drying can be discussed as follows. During the spray drying 

process, the morphology and structure of the particles were primarily determined by the physical 

properties of the precursor solution and the parameters of the drying operation (e.g. the drying 

temperature, gas flow rate, nozzle configuration, etc.) [35,36]. In this study, we focused on the 

effects of the precursor solution by varying the KOH concentration while keeping the other 

conditions of spray drying parameters constant. The addition of KOH changed the physical 

properties of the precursor (e.g. the total solute concentration, density, surface tension, and 

viscosity), and these changes in turn affected the size and the drying time of the sprayed droplets. 

Therefore, in the present work, the physical properties (the density, surface tension, and 

viscosity) of precursor solutions having different KOH concentrations were evaluated. In 

addition, the droplet diameters Dd were calculated using an estimation formula [37]: 

 

where Ddroplet is the average droplet size (µm), Va is the liquid jet velocity (m/s), σ is the liquid 

surface tension (kg/s2), ρL is the liquid density (kg/m3), ηL is the liquid viscosity (kg/m s), QL is 

the liquid flow rate (m3/s), and QA is the carrier gas flow rate (m3/s). 

As presented in Table 3.2. In the absence of KOH, the Dd value was 7.4 µm and this 

decreased to 5.7 µm at a KOH/lignin ratio of 0.17. The Dd value was also found to increase with 

further increases in the KOH concentration. 
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Table 3.2. Parameters used to calculate droplet sizes and the resulting values. 

Sample KOH/Lignin 

ratio 

ηL  

(kg/m s) 

σ  

(kg/s2) 

ρL  

(kg/m3) 

QL  

(m3/s) 

QA  

(m3/s) 

Ddroplet  

(µm) 

KLC-0.17-700 0.17 0.866 × 10-3 42.8 × 10-3 999.72 

4.17 × 10-8 1.67 × 10-4 

5.7 

KLC-0.33-700 0.33 0.888 × 10-3 45.8 × 10-3 1005.98 6.1 

KLC-0.67-700 0.67 0.915 × 10-3 47.4 × 10-3 1008.83 6.3 

KLC-1.00-700 1.00 0.927 × 10-3 50.4 × 10-3 1010.58 6.7 

KLC-1.33-700 1.33 0.946 × 10-3 57.7 × 10-3 1015.74 7.6 

LC - 0.908 × 10-3 56.0 × 10-3 1000.05 7.4 

 

The effect of KOH concentration on the drying times of three samples including lignin 

without using KOH, lignin with low KOH concentration (KOH/lignin = 0.33) and lignin with 

high KOH concentration (KOH/lignin = 1.33) was evaluated using TGA and by drying samples 

in a vacuum oven as shown in Figure 3.4. The results of both experiments clearly showed that 

the sample without using KOH had a shorter drying time and that the sample with a low KOH 

concentration required longer to dry relative to the specimen with a high KOH concentration. 

These data indicate that increasing the KOH concentration reduced the drying time. These results 

are in good agreement with previous reports that a high solute concentration can reduce the 

drying time [38–40]. 
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Figure 3.4. Effect of KOH concentration on the drying times of three samples including lignin 

without using KOH, lignin with low KOH concentration (KOH/lignin = 0.33), and lignin with 

high KOH concentration (KOH/lignin = 1.33), as evaluated by (a) TGA and (b) drying in a 

vacuum oven. 

Based on the above analyses, we proposed the plausible mechanism for the formation of 

particles at varying KOH concentrations (Figure 3.5). 

In the absence of KOH (Figure 3.5(i)), after the lignin mixture is atomized, droplets of 

the lignin aqueous solution come into contact with hot air causing the solvent evaporation. Along 

with solvent evaporation, the droplets shrink and the concentration of lignin in these droplets 

increases such that a saturated state is generated at the droplet surfaces. As a result, an outer shell 

of lignin is produced on each particle as the lignin precipitates out of solution, although this shell 

is thin due to the low amount of lignin relative to the large droplet size. Following this, because 
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of the external pressure (e.g. carrier gas) to the droplet, the droplet becomes unstable and 

transform from spherical to a convex-concave deformation. Furthermore, as the water inside the 

droplet diffuses into the shell and additional water from the interior evaporates, the internal 

pressure of the droplet is decreased, so that the hollow non-spherical (buckled) particles are 

generated as shown in Figure 3.5(i). 

It is interesting to note that the characteristics of the precursor solution were significantly 

changed by the addition of KOH even at low concentrations (Table 3.2). It indicates that there is 

an interaction between the KOH and lignin in the water medium because the good dissolvability 

of lignin in aqueous KOH solutions. As a result, the precursor solution with a low level of KOH 

generated smaller droplets but higher solute concentration during the atomization process 

compared with the solution not containing KOH. Therefore, the rate of solvent evaporation was 

sufficiently slower than the rate at which the solutes (that is, the lignin and KOH) diffused 

throughout the droplets, so that the solutes had adequate time to redistribute within the droplets 

during the evaporation process. Consequently, a shell of densely packed particles was formed at 

the droplet surface when the surface concentration of the solute became saturated. As the water 

completely evaporated, the shell shrank but did not collapse or fragment because the core of the 

particle was structurally stronger as a result of the presence of more solutes. In this manner, a 

dense spherical particle was produced as shown in Figure 3.5(ii). This result shows that the 

presence of KOH successfully maintained the spherical shape due to the higher precipitation 

throughout the shell formation process, which is correlated with the droplet size. 

In the case of a high KOH concentration, a greater quantity of the solutes was present on 

the droplet surfaces. As discussed above, the drying time also affected the final particle 

morphology. In comparison with a low KOH concentration, the solute concentration at the 

droplet interface was significantly higher at the beginning of the evaporation, and the rate of 

evaporation was much faster than the rate of solute diffusion. Therefore, during the first stage of 

the spray drying process, water rapidly evaporated from the droplet surface such that the solutes 

did not have sufficient time to diffuse from the surface to the center of the droplet, and instead 

accumulated near the droplet drying front. This process increased the concentration of the solute 

at the surface, which in turn raised the surface viscosity and promoted the formation of a thick 
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shell. After obtaining a specific minimum thickness, the shell was no longer able to shrink to 

compensate for the volume reduction associated with evaporation, and so the shape of the 

particle was maintained due to the higher solvent partial pressure inside the droplet [41]. This led 

to the formation of a hollow spherical particle (Figure 3.5(iii)). The mechanisms summarized in 

Figure 3.5 suggest the intriguing possibility that the addition of KOH could be used to produce 

either dense or hollow spherical particles. Depending on the requirements of different 

applications, using our strategy will in turn guide the synthesis of spherical carbon materials with 

desirable architectures and compositions. 
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Figure 3.5. Schematic diagram for the particle formation mechanisms associated with the spray 

drying of (i) lignin without KOH, (ii) lignin with a low KOH concentration, and (iii) lignin with 

a high KOH concentration. Dd indicates the droplet size, as calculated from the solution 

properties using an empirical equation (1). 

 

3.3.3. Material characterizations of carbon particles derived from Kraft lignin 

The effect of the carbonization temperature on the final structure of the carbon particles 

KLC-0.33 was examined by applying temperatures from 700 to 900 oC. As can be observed in 

the SEM and TEM images in Figure 3.6(a-1–c-1) and 3.6(a-2–c-2), respectively, the resulting 

carbon particles retained their structural integrity and spherical morphology with dense structure, 

indicating the high quality of our synthesis method. In addition, as the carbonization temperature 

was increased from 700 to 900 oC, the average carbon particle size decreased from 1.14 to 0.72 

µm (Figure 3.6(a-3–c-3)) due to the shrinkage during the carbonization process. 
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Figure 3.6. SEM and TEM images, and corresponding particle size distributions of carbon 

particles derived from Kraft lignin at carbonization temperatures of (a) 700 oC (KLC-0.33-700), 

(b) 800 oC (KLC-0.33-800), and (c) 900 oC (KLC-0.33-900). Dp indicates the geometric mean 

particle diameter. 

Various characterization techniques were carried out to obtain a better understanding of 

the characteristics of carbon particles derived from lignin in this work, using sample KLC-0.33-

700 (having a dense structure) as a typical specimen. Sample LC-700, which was obtained under 

the same conditions except without the addition of KOH, was also assessed for comparison 

purposes.  

Figure 3.7(a) presents the XRD diffraction patterns obtained from the LC-700 and 

KLC-0.33-700 samples. Both materials generated two broad diffraction peaks that imply 
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amorphous structures. The broad peaks centered at approximately 2θ = 23o and 44o can be 

assigned to the (002) plane of graphitic carbon and the (100) reflection originating from the in-

plane structure of amorphous graphitic carbon, respectively [42]. The average interlayer spacing 

d002 value for the LC-700 and KLC-0.33-700 calculated using the Bragg equation were about 

0.376 and 0.365 nm, respectively, which were apparently larger than the d002 value for graphite 

crystals (0.335 nm) [43]. Generally, amorphous carbon can be divided into soft carbon (graphitic 

carbon) and hard carbon (non-graphitic carbon) according to the degree of difficulty in 

graphitization. Based on the above results, the materials produced in this study were typical non-

graphitic carbon with highly disordered crystalline structures, which were the proof of hard 

carbon. In addition, it can be clearly observed that the diffraction intensity of the KLC-0.33-700 

in the low-angle region of its XRD pattern was higher than that in the LC-700 pattern, indicating 

the presence of abundant micropores as a result of the activation process [44]. Furthermore, the 

crystallinity of the prepared carbon particles was also elucidated using Raman spectroscopy, and 

the results presented in Figure 3.7(b). The spectra data of both the LC-700 and KLC-0.33-700 

revealed two typical broad bands at around 1356 and 1594 cm-1, which are indexed to the D and 

G bands of carbon, respectively. The vibrational mode of the D band represents the disordered 

carbon or defective graphitic structures, whereas the G band corresponds to the ordered graphitic 

crystallites of carbon [15]. The relative intensity ratio between these two bands (ID/IG) is also 

calculated since the ID/IG could exactly reflect the graphitic degree of a carbonaceous material. 

The calculated ID/IG
 values for the LC-700 and KLC-0.33-700 were determined to be 1.10 and 

1.17, respectively, indicating that the latter had a lower degree of graphitization and more defects 

in its carbon structure. This result can be attributed to the highly porous and disordered structure 

caused by the activation process, which is in good agreement with the aforementioned results of 

XRD analyses. 

The physical parameters of these as-prepared carbon samples (that is, the LC-700, KLC-

0.33-700, KLC-0.33-800, and KLC-0.33-900), including specific surface area, total pore 

volume and pore size were obtained from the nitrogen adsorption/desorption isotherms acquired 

at 77 K. This technique is routinely used to analyze the porous nature of activated carbon 

samples. Figure 3.7(c) provides the nitrogen adsorption/desorption isotherms while the textural 

properties of the carbon particles are summarized in Table 3.3. The isothermals for all the 
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carbon samples demonstrated typical type I isotherms with a sharp increment at low relative 

pressures in the range of P/Po < 0.01. This behavior is attributed to the predominantly 

microporous structure of the carbon specimens, based on the International Union of Pure and 

Applied Chemistry (IUPAC) definition [45]. In addition, there are small amounts of mesopores 

in these carbon samples KLC-0.33-700, KLC-0.33-800, and KLC-0.33-900 because the 

nitrogen uptake slightly increased at higher relative pressures after the micropores were filled 

and the occurrence of a fairly flat plateau with a well-defined curve. The LC-700 sample 

exhibited a low amount of nitrogen adsorption/desorption and its curve remained nearly 

horizontal throughout the entire range of relative pressure, indicating a lower specific surface 

area and less pores than the other samples. The specific surface area and total pore volume of the 

LC-700 were determined to be 472 m2 g-1 and 0.233 cm3 g-1, respectively. These values are 

larger than those previously reported for carbon particles derived from other biomass materials 

(Figure 3.7(e) and Table 3.4). Furthermore, the specific surface area and total pore volume of 

the LC-700 were significantly increased after the addition of KOH, demonstrating the 

importance of KOH activation with regard to obtaining well-developed porosity. The specific 

surface area and total pore volume of the KLC-0.33-700 (936 m2 g-1 and 0.310 cm3 g-1) were 

larger than those of the LC-700 (472 m2 g-1 and 0.233 cm3 g-1) obtained at the same 

carbonization temperature of 700 oC and it is evident that the LC-700 sample was a moderately 

porous carbon. This outcome can be explained by the presence of considerable amounts of 

heteroatom such as oxygen in the Kraft lignin that was at least partly removed during the 

carbonization process [46]. Moreover, as expected, increasing the carbonization temperature 

from 700 to 900 oC resulted in higher specific surface area and greater total pore volume in the 

KLC-0.33-700, KLC-0.33-800, and KLC-0.33-900. The KLC-0.33-900 sample was found to 

have the highest specific surface area of 1233 m2 g-1 together with a total pore volume of 0.436 

cm3 g-1. These elevated values can be ascribed to the fact that the increase of carbonization 

temperature raises the reaction rate between carbon and KOH, leading to the development of a 

porous structure due to the formation and opening of the pores [47]. It can be expressed by the 

initial redox reaction between KOH and carbon at high temperature (6KOH + 2C → 2K + 

2K2CO3 + 3H2↑), which can generate the formation of potassium carbonate, the reduction of 

potassium cation into metallic potassium, and the reduction of hydroxyl anion into hydrogen gas. 
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Micropores are obtained as a result of the release of gaseous products such as CO, CO2, and H2, 

which are occurred through the decomposition of potassium carbonate at high temperature and 

hydroxyl reduction, respectively or by the intercalation of metallic potassium in the carbon 

matrix [48]. Their subsequent removal using hydrochloric acid results in a highly porous carbon 

structure as well as a high specific surface area. The pore size distributions were calculated using 

the DFT model depicted in Figure 3.7(d). The pore size distribution curves for all samples 

confirmed that each had a microporous texture with a narrow micropore size distribution (< 2 

nm) and the size distributions were all centered at approximately 0.7 nm. These results are in 

accordance with the nitrogen adsorption/desorption isotherms as shown in Figure 3.7(c). It can 

be concluded that the shapes of these isothermals for all the KLC-0.33 samples were similar, 

however, increasing the carbonization temperature also increased the amount of nitrogen that 

was adsorbed. These data indicate that the pore size remained constant but the number of pores 

was increased. In addition, the observed increase in pore volume with no change in the overall 

pore size distribution for each sample demonstrated that the application of different 

carbonization temperatures in conjunction with the use of KOH as an activation agent did not 

degrade the structure of these materials. This result is consistent with the SEM and TEM images 

in Figure 3.6(a-1–c-1) and 3.6(a-2–c-2), respectively. 
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Figure 3.7. (a) XRD patterns and (b) Raman spectra of the LC-700 and KLC-0.33-700, (c) 

nitrogen adsorption/desorption isotherms and (d) pore size distributions of the LC-700, KLC-

0.33-700, KLC-0.33-800, and KLC-0.33-900, and (e) a comparison of the textural properties of 

previously reported carbon particles derived from different kinds of biomass.  

Table 3.3. Textural properties of the LC-700, KLC-0.33-700, KLC-0.33-800, and KLC-0.33-

900. 

Sample 

Specific 
surface area 

Total pore 
volume 

Average pore 
size 

[m2 g-1] [cm3 g-1] [nm] 

LC-700 472 0.233 0.66 

KLC-0.33-700 936 0.310 0.65 

KLC-0.33-800 1160 0.407 0.70 

KLC-0.33-900 1233 0.436 0.70 

 

Table 3.4. Comparison of the textural properties of carbon particles derived from different kinds 

of biomass in the literature and in this study. 

Feedstock 
Specific surface area 

(m2/g) 

Total pore volume 

(cm3/g) 
Reference 

Carbonization temperature (700 oC) 

Kraft lignin 472 0.233 This work 

Hardwood 372 0.110 [49] 

Coconut pith 315 0.058 [50] 

Sesame straw 289 0.111 [51] 

Pecan wood 281 0.190 [52] 

Buffalo weed 280 0.042 [53] 
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Oak wood 269 0.042 [52] 

Wheat straw 256 0.200 [54] 

Rice husk 256 0.089 [55] 

Alder wood 250 0.033 [52] 

Hickory wood 230 0.020 [52] 

Orange peel 201 0.035 [56] 

Dairy manure 187 0.044 [57] 

Mesquite wood 187 0.001 [52] 

Peanut shell 185 0.033 [58] 

Feedlot manure 145 0.006 [57] 

Vermicompost 80.8 0.111 [59] 

Poultry litter 50.9 0.058 [57] 

Goat manure 39.1 0.111 [60] 

Municipal sewage sludge 32.2 0.190 [61] 

Sewage sludge 29.9 0.049 [62] 

Rapeseed 22.9 0.044 [63] 

Sewage sludge 18.3 0.100 [64] 

Separated swine 4.11 0.033 [57] 

Corn straw 3.00 0.020 [58] 

 

It is noteworthy that the particle morphology is an important factor affecting the tap 

density of a material, and the majority of synthetic carbon materials based on lignin suffer an 

issue of low tap density that severely hinders their practical applications. Therefore, the designed 

synthesis of spherical carbon particles with high tap density values is highly desirable. Figure 

3.8 shows the tap densities and provides the corresponding TEM images of the carbon particles 

derived from Kraft lignin with different structures. The tap density of the spherical carbon 
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particles with a dense structure (KLC-0.33-700) was measured to be approximately 1.46 g cm-3, 

which is remarkably higher than the values for the KLC-1.33-700 (having the spherical shape 

with a hollow structure, 0.61 g cm-3) and LC-700 (having the irregular shape with a hollow 

structure, 0.43 g cm-3). In addition, the tap density of the KLC-0.33-700 is also higher than those 

reported for commercially available activated carbons (0.4 – 0.8 g cm-3), as well as those of 

carbon nanotubes and graphene (< 0.5 g cm-3) [65]. Generally, the dense-packed architecture of 

carbon particles provides a higher tap density than that of non-spherical structures. Because the 

spherical particles have less contacting interface among each other, therefore, the aggregation of 

the particles within the powders comprised of spherical particles is much less than the other 

shape, resulting in less vacancy among the particles and the excellent fluidity of the powders [66]. 

 

Figure 3.8. Tap densities and corresponding TEM images of carbon particles derived from Kraft 

lignin with (a) a dense spherical structure (KLC-0.33-700), (b) a hollow spherical structure 

(KLC-1.33-700), and (c) a hollow non-spherical structure (LC-700). The same type of the 

measuring cylinder with the same amount of 1.46 g for each sample KLC-0.33-700, KLC-1.33-

700, and LC-700 were added and repeatedly tapped until the volume of the powder no longer 

changed. 
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With regard to the synthesis and practical applications of nanostructured materials, the 

fabrication of dense carbon particles with perfectly spherical shapes using a simple procedure 

would be highly beneficial for our research directions in the future. In the case of batteries, a 

common drawback of hollow particle structures or the other shapes is the low packing density of 

the material in comparison with dense structure, which originated from the large amount of 

empty space within the particles. As a result, electrodes fabricated with these structures typically 

suffer from relatively low volumetric energy and power density, which are undesirable for 

practical applications [67]. The particles with spherical shapes can reduce this unnecessary void 

space, thus ensuring the maximum packing density of more active materials compared to the 

other shapes at the same volume. Moreover, dense-packed particles can be enhanced charge 

transport as well as improved structural robustness of the electrode [68]. As a result of these 

effects, the volumetric capacity of fabricated electrodes will be substantially increased. In 

addition, among the anode materials for batteries, hard carbon shows the best storage 

performance, and the carbon particles derived from Kraft lignin using our technique were found 

to be typical hard carbon materials. As shown in the XRD results, the average interlayer spacing 

d002 value in our carbon sample was 0.365 nm, which is wider than that of graphite (0.335 nm) 

[43]. This increased d-spacing is likely to promote the diffusion and storage of ion (e.g. Li+, Na+, 

K+) in such hard carbon materials, resulting in good electrochemical performance in batteries 

[69]. Besides, numerous studies have experimentally demonstrated that carbon materials with 

high micropore volumes are beneficial for improvement carbon dioxide and hydrogen uptake 

[48]. The carbon particles KLC-0.33-900 had a relatively high specific surface area (1233 m2 g-

1) as well as highly microporous with the size of the micropores 0.7 nm would be considered as a 

promising candidate. These extremely small micropores would be expected to provide extensive 

space for the movement of carbon dioxide and hydrogen molecules inside the carbon structure, 

leading to enhanced gas storage. To date, many studies have demonstrated the advantages of 

spherical carbon particles with dense structure in various fields. However, apart from the 

significant progress in fundamental aspects, the high cost and complex synthesis routes 

associated with these materials still restrict their practical uses. In terms of both sustainability 

and economic points of view, the synthetic protocols should be simplified as much as possible to 

reduce process complexity and production cost. With the great achievements and continuous 
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efforts on this important field, it is believed that the preparation of spherical structures will 

contribute to the development of new materials, which renders this approach attractive for 

diverse applications. 

 

3.4. Conclusions 

In summary, the spherical carbon particles derived from Kraft lignin has been 

successfully synthesized through a spray drying method followed by the carbonization process. 

The developed synthetic strategy is highly significant because it allows the utilization of lignin as 

an abundant and sustainable carbon precursor. This process could also be readily scaled up for 

mass production as a result of the cost-effectiveness and simplicity of the method. The carbon 

particles generated in this study could be obtained with spherical morphologies and it could be 

precisely controlled from dense to hollow sphere by varying the KOH concentration for the first 

time. In addition, to get a better understanding of the particle formation of carbon particles, a 

plausible mechanism has been discussed in this study, which provides insights with regard to the 

exploration of lignin-derived carbon materials. The specific surface area and tap density of 

spherical carbon particles having a dense structure were determined to be 1233 m2 g-1 and 1.46 g 

cm-3, respectively, both of which are significantly higher than values reported for irregularly 

shaped carbon particles. The carbon sphere particles having a high tap density as advanced 

materials presented in this study can endow them for a broad prospect of applications in the areas 

of colloids and interface science as well as sustainable development. 
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Chapter 4 

Sustainable Porous Hollow Carbon Spheres with High 

Specific Surface Area Derived from Kraft Lignin 

4.1. Introduction 

Hollow structures, defined as architectures comprising outer shells and internal voids, 

represent a special class of functional nanomaterials. The rational design and fabrication of these 

materials have become an important research topic during the last two decades [1–5]. In 

comparison to the solid counterparts, hollow structures (especially those with permeable porous 

shells) exhibit many attractive intrinsic properties such as extraordinarily high specific surface 

areas, large internal void spaces, low densities, and high loading capacities [5–7]. These unique 

characteristics promote hollow structural materials as good candidates for use across a wide 

range of potential applications in various fields, including catalyst supports [8], biomedical 

engineering [9], drug storage and delivery [10], optical devices [5], and energy storage [11,12]. 

Particularly, among the various structures of carbon-based materials, hollow carbon spheres 

(HCSs) have attracted much attention due to their intriguing structure-induced properties and 

numerous applications [13–15]. Although many methods for the preparation of hollow carbon 

materials have already been developed, the synthesis of HCSs with well-controlled morphologies 

still remains a significant challenge. 

The production of carbon-based materials from green, renewable, and cost-effective 

resources in accordance with sustainable development goals is highly important. In this regard, 

lignocellulosic biomass (such as cellulose, hemicellulose, and lignin) represents an especially 

useful raw material for the synthesis of porous carbon [16,17]. From the perspective of 

sustainability, lignin as the second most abundant renewable natural biopolymer after cellulose 

and the most common aromatic polymer on earth has been drawing an increasing attention for 

numerous applications [18]. However, the majority of technical lignin is not effectively recycled 

or utilized at the moment, and some is directly combusted as a low-value fuel, leading to 
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environmental pollution and a waste of natural resources [19]. Only a small portion (less than 2 

wt%) of technical lignin can be applied as an alternative material. Therefore, based on the high 

underutilization of lignin, it is important to transform lignin wastes into higher value-added 

products to decrease the environmental impact of this resource, and to ensure a more sustainable 

future. Due to its low manufacturing cost, significant carbon content (about 60 wt%), and high 

aromaticity, lignin has recently been considered as a potential sustainable source for the 

preparation of advanced porous carbonaceous materials [20]. In particular, porous carbon 

particles based on lignin or lignin derivatives can be prepared through a hard-template/soft-

template method [21,22] or a combination of template and activation methods [23], as well as the 

direct pyrolysis of spherical precursors [24]. However, there are various problems associated 

with each of these fabrication techniques. Firstly, it is difficult to obtain uniform dispersions due 

to the poor compatibility between lignin and the various templates [25]. Secondly, hazardous 

reagents are required to remove the templates after the particles are formed. These reagents can 

not only cause collapse or deformation of the geometric structures (e.g. morphology, shell 

thickness) but also difficult to recycle, and so are a potential cause of environmental pollution 

[22]. Finally, the combination methods tend to provide low yields and require prolonged reaction 

times, multiple process steps, rigorous synthesis conditions, complicated equipment, high 

processing temperatures, and high energy consumption, all of which limit practical mass 

production in an environmentally friendly and economically sustainable manner [26]. Therefore, 

the ideal manufacturing methods for the fabrication of HCSs without the addition of templating 

agents are imperative. 

Spray drying is the most promising technology for producing particles from precursor 

solutions via a simple one-step process. It is well-known as a scalable and effective method to 

synthesize homogeneous composites and various nanostructured functional materials [27–29]. 

The widespread utilization of spray drying can be attributed to its advantages over the other 

methods described above, especially with regard to practical applications. These advantages 

include (i) the efficient preparation of homogeneous multicomponent materials and composites 

with precisely controlled stoichiometric ratios, (ii) simple particle collection equipment, (iii) 

single-step processing, (iv) continuous operation, and (v) easy scale-up to provide high 

productivity [30–34]. Therefore, template-free spray drying is able to produce HCSs by simply 
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using the appropriate precursors, and so provides a very simple and convenient method for 

obtaining these materials that also avoids the introduction of impurities.  

Lignosulfonate is a useful raw material for the preparation of carbon particles because it 

is highly soluble in water, renewable, thermally stable, and environmentally friendly [35]. 

However, the utilization of lignosulfonate is not always advantageous. Kraft lignin has unique 

properties and its composition makes it a promising candidate for the synthesis of carbon-based 

materials as a replacement for lignosulfonate. Specifically, Kraft lignin can be obtained more 

easily than lignosulfonate worldwide because the sulfite pulping process is less common than the 

Kraft pulping process [36]. In addition, Kraft lignin is generally more pure with low sulfur 

concentrations, fewer carbohydrate residues, and inorganic impurities [37]. Furthermore, the 

complete removal of sulfur from lignosulfonate is more difficult because the sulfur is chemically 

bonded to the lignin, such that the products tend to be impure [36]. To the best of our knowledge, 

there has been only one article from our group reported the successful synthesis of porous carbon 

particles with well-defined spherical morphologies through spray drying approach using Kraft 

lignin as the carbon precursor and potassium hydroxide (KOH) as the activator [30]. Therefore, 

the utilization of Kraft lignin as an alternative carbon precursor rather than the more common 

raw material lignosulfonate still presents a challenge, with regard to the development of a highly 

efficient synthetic process. Furthermore, our previous work focused only on the mechanism by 

which carbon particles were generated and the characterization of dense spherical carbon 

products with high tap density values. However, the characterization of the prepared HCSs with 

their structural, pore texture, surface morphology, and electrochemical performance for 

supercapacitors has not been explored in our prior research. Therefore, it is highly important to 

investigate the feasibility of obtaining HCSs derived from Kraft lignin, which represents a 

promising sustainable material for potential applications in the research areas of advanced 

powder technology. 

Based on the above and building on our previously reported work, the objective of the 

present study was to employ a spray drying technique followed by a simple carbonization 

process for the precise design of HCSs with high specific surface area from Kraft lignin using an 

appropriate amount of KOH. This process was selected because KOH still appears to be the 
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simplest and most economical reagent for this purpose, as it readily dissolves lignin, which is 

considered to promote activation of the biomass. The advantages of this process include stability 

without any requirement for copolymers, surfactants or catalysts, and suitability for large scale 

applications. Furthermore, the present method does not involve any functionalization, additional 

reagents, or complicated chemical reactions, meaning that it can improve the efficiency and 

reduce both the amount of time required to obtain products and the initial capital expenditures 

for equipment. Therefore, this process has significant potential for practical applications. In 

addition, the porosity of the as-prepared HCSs can be easily tuned in a relatively wide range by 

simply adjusting the KOH concentration or the carbonization temperature. Finally, to explore the 

applications in electrochemistry, these HCSs could be used as active electrode materials in 

supercapacitors for energy storage devices. The extremely simple synthetic route proposed 

herein is not only cost-effective and environmentally benign but also suitable for the large-scale 

production of HCSs. The results of this work are therefore expected to contribute to the 

development of new strategies for the manufacture of HCSs derived from Kraft lignin with novel 

structures and advanced functions. 

 

4.2. Experimental 

4.2.1. Synthesis of HCSs from Kraft lignin 

All the chemical reagents used in this work were of analytical grade and were directly 

used as received without further purification. Cross-linked Kraft lignin for use as the carbon 

source was supplied by the Kuraray Co., Ltd., Japan. As illustrated in Figure 4.1, the hollow 

carbon particles were prepared through a three-step process. In each trial, a portion of Kraft 

lignin was dissolved in distilled water together with varying amounts of solid KOH (Kanto 

Chemical Co., Inc., Tokyo, Japan) to form a homogeneous dispersion, after which the reaction 

mixture was stirred for 30 min at room temperature. This solution was subsequently transferred 

to a mini spray-dryer (BÜCHI B-290, Switzerland) and spray-dried at an inlet temperature of 

200 oC through a two-fluid nozzle system. The precursor solution was pumped into the nozzle at 

a flow rate of 2.5 mL/min, using hot air as the carrier gas at a flow rate of 10 L/min to obtain the 
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spherical lignin/KOH composite particles. These composite particles were then carbonized in a 

horizontal tube furnace under a constant 1.0 L/min flow of nitrogen by heating from room 

temperature to the desired temperature (700 – 900 oC) at 5 oC/min and then maintaining this 

temperature for 2 h. After allowing the carbonized material to naturally cool to room temperature, 

the sample was washed with 10 wt% aqueous hydrochloric acid (HCl) solution (Kanto Chemical 

Co., Inc., Tokyo, Japan) to eliminate residual KOH and other impurities. The resulting black 

powder was washed with distilled water and then recovered by centrifugation, and this process 

was repeated until the wash water showed a pH of approximately 7. The resulting carbon 

particles were subsequently dried at 105 oC for 12 h in a vacuum oven. The final products are 

denoted herein as KLC-X-Y, where X corresponds to the mass ratio of KOH to lignin (X = 0.67, 

0.83, 1.00, 1.33, and 1.50), and Y represents the carbonization temperature (Y = 700, 800, and 

900 oC). Details of the sample preparation conditions are summarized in Table 4.1. 

 

 Figure 4.1. Schematic representation for the preparation of hollow carbon spheres 

(HCSs) particle derived from Kraft lignin. 
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Table 4.1. Formulations for the specimens synthesized from Kraft lignin in this work. 

Sample name Lignin  

(g) 

KOH  

(g) 

Water  

(g) 

KOH/lignin  

(-) 

Carbonization  

temperature (oC) 

KLC-0.67-700 1.2 0.8 64 0.67 700 

KLC-0.83-700 1.2 1.0 64 0.83 700 

KLC-1.00-700 1.2 1.2 64 1.00 700 

KLC-1.33-700 1.2 1.6 64 1.33 700 

KLC-1.50-700 1.2 1.8 64 1.50 700 

KLC-1.33-800 1.2 1.6 64 1.33 800 

KLC-1.33-900 1.2 1.6 64 1.33 900 

 

4.2.2. Materials characterization 

The surface morphologies and structures of the as-synthesized carbon samples were 

observed using field emission scanning electron microscopy (FE-SEM; S-5200, 20 kV, Hitachi 

High Technologies. Corp., Tokyo, Japan) and transmission electron microscopy (TEM; JEM-

2010, 200 kV, JEOL Ltd., Tokyo, Japan). The particle sizes were determined by measuring the 

diameters of more than 350 randomly selected particles identified in the SEM and TEM images. 

The crystalline structures of the prepared particles were evaluated by powder X-ray diffraction 

(XRD; D2 Phaser, 40 kV and 30 mA, Bruker Corp., USA). The porous textures of all the carbon 

samples were determined from nitrogen adsorption/desorption isotherms acquired at 77 K 

(BELSORP-max, MicrotracBEL Corp., Osaka, Japan). Prior to these analyses, all samples were 

outgassed under a high vacuum at 300 oC for 8 h to ensure that all moisture and other volatiles 

had been eliminated. Specific surface areas were calculated from the resulting isotherms using 

the Brunauer-Emmett-Teller (BET) method, while the existence of micropores and mesopores in 

the carbon shell was determined by the Horvath-Kawazoe (HK) and Barrett-Joyner-Halenda 

(BJH) methods, respectively. The total pore volumes were obtained from the amounts of 

nitrogen adsorbed at a relative pressure of 0.995. The shell density of all HCS samples was 
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determined by the helium gas replacement method using a true density measuring apparatus 

(BELSORP-max, MicrotracBEL Corp., Osaka, Japan). The measurement system was typically 

controlled by a computer. The density measurement was performed by filling the cavity with 

helium gas to measure the volume of the carbon material. The true density value was obtained by 

the quantity of carbon powder dividing effective volumetric capacity. The pores existed in the 

inner and outer surfaces of carbon shell; therefore, it was assumed that the shell density of HCSs 

can be equal to the true density of HCSs. 

 

4.2.3. Electrochemical characterization  

The electrochemical properties of all HCS samples were assessed in a standard two-

electrode system (representing a supercapacitor device) with an aqueous 6 M KOH solution as 

the electrolyte. The working electrodes were fabricated by mixing the HCSs (85 wt%) as the 

active material, acetylene black (10 wt%) as the conductive additive, and polytetrafluoroethylene 

(PTFE) (5 wt%) as the binder in ethanol. The resulting slurry was rolled into sheets and dried in 

a vacuum oven at 100 oC overnight to remove the solvent before pressing. The material was 

subsequently cut into electrode sheets with geometric surface areas of 1 × 1 cm2. Each electrode 

sheet was pressed onto nickel foam under a pressure of 10 MPa to fabricate a supercapacitor 

electrode. These HCS electrodes were subsequently assembled into symmetric supercapacitors 

with equivalent mass loadings in the positive and negative electrodes. The capacitive 

performances of the HCSs were investigated using a symmetric supercapacitor apparatus in 

conjunction with galvanostatic charge–discharge (GCD) measurements at a current density of 0.2 

A g-1 within the potential window from 0 to 2.5 V in an aqueous 6 M KOH solution. Alternating 

current electrochemical impedance spectroscopy (EIS) was conducted at an open circuit voltage 

with an amplitude of 10 mV in the frequency range from 0.01 Hz to 100 kHz. 

The specific capacitance, C (F g-1), of each electrode material was calculated from the 

discharge part of its GCD curve according to the equation: 
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where I is the response discharge current (A), Δt is the discharge time (s), m is the mass of the 

active material (g), and ΔV is the working potential window (V). Active material here refers to 

HCSs, which do not include acetylene black and PTFE. 

The electrode density values, ρ (g cm-3), were determined from the equation: 

 

where m is the total mass of the electrode material (g) and V is the total volume of the electrode 

material (cm3), including the active material, acetylene black, and binder. This volume was 

calculated by measuring the length (l), width (w), and thickness (h) of the electrode material 

under a pressure of 10 MPa (V = l × w × h). 

 

4.3. Results and Discussion 

4.3.1. Synthesis of HCSs from Kraft lignin 

The morphologies and interior structures of carbon particles derived from lignin/KOH 

composites (KLC-X-700, where X represents the mass ratio of KOH to lignin) were assessed 

using SEM and TEM, and typical images are presented in Figure 4.2. Carbon particles with a 

relatively uniform spherical morphology were evidently formed when the KOH concentration in 

the reaction system was sufficiently high (Figure 4.2(a-1–d-1)), indicating the viability of this 

synthetic system. However, it should be noted that the sample in Figure 4.2(e-1) was an 

exception. In comparison with the previously reported results [38,39], the acquired carbon 

particles derived from lignin usually possessed an irregular shape. Therefore, the present method 

appears to be an effective approach for creating spherical carbon particles from lignin and KOH, 

which are highly desirable for use in a broad range of potential applications. In addition, the 

SEM images in Figure 4.2(a-1–e-1) show that the KOH concentration affected the particle sizes. 

Specifically, the average carbon particle size increased from 1.41 to 2.42 µm as the KOH/lignin 

mass ratio was increased from 0.67 to 1.50. Interestingly, increasing the KOH/lignin mass ratio 

from 0.67 to 1.33 produced no noticeable changes in the uniform spherical morphology and 

structural integrity of the particles. However, after the proportion of KOH added and reached a 

KOH/lignin mass ratio of 1.50, the morphology of KLC-1.50-700 changed slightly, such that the 
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surfaces of this material became uneven with many holes (Figure 4.2(e-1)). At this high 

KOH/lignin mass ratio, the KOH was more likely to accumulate in the composite and form holes 

on both the interior and exterior surfaces of the spheres. More specifically, the high KOH 

concentration decomposed the carbon walls connecting the continuously oriented porous 

structure of the material through oxidation at a high carbonization temperature. In addition, the 

numerous potassium atoms that were generated during the activation process completely 

changed the surface morphology of the KLC-1.50-700 [40]. The TEM images provided in 

Figure 4.2(a-2–e-2) show the internal structures of the carbon particles. It is apparent that the 

hollow structures were formed in all cases for these carbon particles. The observation in TEM 

images showed that the shell thickness of the carbon samples becomes thinner (decreased from 

235 to 131 nm) as the amount of KOH increases. Therefore, the ratio of particle size/shell 

thickness increased from 6 to 18 with increasing the KOH/lignin mass ratio from 0.67 to 1.50. In 

addition, the shell density of all HCS samples can be determined by the helium gas replacement 

method. At different KOH/lignin mass ratios of 0.67, 0.83, 1.00, and 1.33, the shell density was 

obtained to be 2.14, 1.86, 1.54, and 1.45 g cm-3, respectively. The mechanism by which HCSs 

are formed during spray drying has been explained in detail in a previous publication by our 

group [30]. These observation results reveal that controlling the appropriate amount of KOH is a 

key to obtain the hollow carbon particles with regular morphologies from Kraft lignin. 
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Figure 4.2. SEM (left) and TEM (right) images of carbon particles derived from lignin/KOH 

composites at KOH/lignin mass ratios of (a) 0.67 (KLC-0.67-700), (b) 0.83 (KLC-0.83-700), (c) 

1.00 (KLC-1.00-700), (d) 1.33 (KLC-1.33-700), and (e) 1.50 (KLC-1.50-700). 

For a better understanding of the characteristics of these carbon particles, the various 

characterization techniques were investigated as summarized in Figure 4.3. The amorphous 

nature of the carbon materials obtained at different KOH/lignin mass ratios was determined by 

XRD analysis, and the results are shown in Figure 4.3(a). Obviously, two relatively broad 

diffraction peaks centered at 2θ values of approximately 23 and 43o appear in the pattern of each 

sample, which are attributed to diffractions from the (002) planes of graphitic carbon and (100) 

planes of the graphite lattice, respectively [30]. These results imply that all the carbon particles 

had amorphous porous structures and were partially graphitized through the simple carbonization 

process, although the complete graphitization requires much higher temperatures (2600 – 3300 

oC) [41]. The textural properties of these carbon particles obtained using different mass ratios of 

KOH/lignin were also assessed by nitrogen adsorption/desorption analysis as depicted in Figure 

4.3(b–d). The corresponding structural parameters including specific surface areas and pore 

characteristics are summarized in Table 4.2. The isothermals for all carbon samples in Figure 

4.3(b) reveal typical type IV adsorption/desorption isotherms, which correspond to micro-

mesoporous structures according to the International Union of Pure and Applied Chemistry 

(IUPAC) classification system [42]. The increased nitrogen uptake capacity in the section of low 

relative pressures (P/P0 < 0.01) as well as the horizontal plateaus in the section of medium and 

high relative pressures demonstrate typical microporous structures for these carbon materials. 

The nitrogen adsorption volumes continually increased over the P/P0 range from 0.1 to 0.5, and 

the slopes also increased with the increasing KOH/lignin mass ratio, indicating progressive 

widening of the pores. At higher relative pressures, hysteresis loops between the adsorption and 

desorption branches are observed, which clearly imply the existence of mesopores in the porous 

carbons. These results are consistent with the pore size distribution curves for the samples in 

Figure 4.3(c) and 4.3(d). As an activating agent, KOH creates micropores and mesopores in the 

inner and outer surfaces of carbon shell. After washing, these pores are exposed, leading to a 

change in the specific surface area and pore size distribution considerably. As shown in Figure 

4.3(c) and 4.3(d), each specimen possessed a similar porous structure with a uniform micropore 



Chapter 4. Sustainable Porous Hollow Carbon Spheres with High Specific Surface Area  

Derived from Kraft Lignin 

115 

 

size distribution (0.5 – 1 nm) and a broad mesopore size distribution (2 – 50 nm). As expected, 

with an increasing amount of KOH, the resulting carbon particles in the samples from KLC-

0.67-700 to KLC-1.33-700 exhibited both an increase in specific surface area as well as total 

pore volume. The KLC-1.33-700 sample showed a large specific surface area of 1996.2 m2 g-1 

and a high total pore volume of 1.206 cm3 g-1, both of which were higher than those of the other 

samples. This result indicates that the textural characteristics of these HCSs could be optimized 

by adjusting the KOH/lignin mass ratio. In addition, the specific surface area and total pore 

volume decreased slightly to 1854.6 m2 g-1 and 1.116 cm3 g-1, respectively, at the highest 

KOH/lignin mass ratio of 1.50. This phenomenon could be attributed to the overoxidation of 

carbon such that CO2 or CO gases were generated from the activating agent. A greater amount of 

KOH addition would also be expected to cause pore blockage based on the deposition of 

potassium species, thereby decreasing the specific surface area and pore volume. Similar 

findings, such as damaged pores resulting from excessive KOH activation, have also been 

reported in other literatures [43,44]. Therefore, in the present study, the optimal KOH/lignin 

mass ratio of 1.33 was the most effective for achieving the best specific surface area and pore 

texture. 
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Figure 4.3. (a) XRD patterns, (b) nitrogen adsorption/desorption isotherms, and pore size 

distributions as determined by the (c) HK and (d) BJH methods for the KLC-X-700 series 

(where X represents the mass ratio of KOH to lignin, X = 0.67, 0.83, 1.00, 1.33, 1.50). 
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Table 4.2. Textural properties of the KLC-X-700 (X = 0.67, 0.83, 1.00, 1.33, 1.50) samples. 

Sample name 

Specific 
surface area 

Total pore 
volume 

Micropore 
volume 

Mesopore 
volume 

[m2 g-1] [cm3 g-1] [cm3 g-1] [cm3 g-1] 

KLC-0.67-700 1536.5 0.750 0.596 0.091 

KLC-0.83-700 1633.1 0.795 0.640 0.130 

KLC-1.00-700 1779.4 0.929 0.699 0.177 

KLC-1.33-700 1996.2 1.206 0.774 0.253 

KLC-1.50-700 1854.6 1.116 0.728 0.227 

 

The effect of the carbonization temperature on the final structure of the KLC-1.33 

particles was examined by applying temperatures from 700 to 900 oC. The SEM and TEM 

images in Figure 4.4(a-1–c-1) and 4.4(a-2–c-2), respectively, demonstrate that the resulting 

carbon particles retained their structural integrity and spherical morphology with hollow 

structure, indicating the high quality of our synthesis method. The nitrogen adsorption/desorption 

isotherms and pore size distributions of the carbon particles prepared using a KOH/lignin mass 

ratio of 1.33 with different carbonization temperatures are shown in Figure 4.4(d–f), while 

details of the surface textural characteristics including specific surface areas and pore structure 

parameters for all samples are provided in Table 4.3. As illustrated in Figure 4.4(d), all isotherm 

curves of the KLC-1.33-700, KLC-1.33-800, and KLC-1.33-900 belong to type IV with clear 

hysteresis loops, indicating that each one had a porous structure composed of micropores and 

mesopores [42]. As the carbonization temperature was increased from 700 to 900 oC, the specific 

surface areas and total pore volumes were gradually increased. From the results, the KLC-1.33-

900 was found to have the highest specific surface area and total pore volume in comparison 

with the other two samples, with values of 2424.8 m2 g-1 and 1.566 cm3 g-1, respectively. These 

results demonstrate that increasing the carbonization temperature greatly enhanced pore 

development during the activation process. This effect is also evident in the pore size distribution 
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curves presented in Figure 4.4(e) and 4.4(f). The pore size distributions of all the carbon samples 

are mainly centered at 0.7 and 2.4 nm, indicating that both micropores and mesopores were 

generated. The formation of this porous structure can be ascribed to the initial redox reaction 

between carbon and KOH, which is a well-studied chemical activation method for producing 

activated carbon in previously reported literature [45,46]. Furthermore, the increased pore 

volumes that occurred with no changes in the overall pore size distributions indicate that the 

application of different carbonization temperatures as well as the use of KOH as an activator in 

this study did not restructure these materials, which was in good accordance with the result of 

SEM and TEM images in Figure 4.4(a-1–c-1) and 4.4(a-2–c-2), respectively. In addition, the 

specific surface areas and total pore volumes of the HCSs in this study were larger than those 

previously reported for porous carbon particles made using KOH as an activation agent in 

conjunction with various kinds of biomass (Figure 4.4(g) and Table 4.4). In comparison with 

some previous literatures, high specific surface areas and pore volumes typically required a mass 

ratio between KOH and precursor higher than 3:1. This requirement was mainly due to the 

migration of the activation process from the exterior to the interior of the materials, meaning that 

a larger amount of KOH was needed to maintain the reaction for preparing suitable activated 

carbon. Nevertheless, based on life cycle assessment, using a high amount of KOH is not eco-

friendly and high corrosive behavior, which is not in accordance with the principles of green 

chemistry. From an industrial point of view, in our work, using a suitable amount of KOH 

(KOH/lignin mass ratio below 1.5) will decrease energy consumption and thus have an impact 

on the overall sustainability of the process. 
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Figure 4.4. SEM (up) and TEM (down) images of carbon particles derived from Kraft lignin at 

carbonization temperatures of (a) 700 oC (KLC-1.33-700), (b) 800 oC (KLC-1.33-800), and (c) 

900 oC (KLC-1.33-900); (d) nitrogen adsorption/desorption isotherms, and pore size 

distributions as determined by the (e) HK and (f) BJH methods for the KLC-1.33-Y series 

(where Y indicates the carbonization temperature, Y = 700, 800, 900 oC); (g) a comparison of the 

surface characteristics of previously reported porous carbon particles made using KOH as an 

activation agent with various types of biomass. 

Table 4.3. Textural properties of the KLC-1.33-Y (Y = 700, 800, 900 oC) samples. 

Sample name 

Specific 
surface area 

Total pore 
volume 

Micropore 
volume 

Mesopore 
volume 

[m2 g-1] [cm3 g-1] [cm3 g-1] [cm3 g-1] 

KLC-1.33-700 1996.2 1.206 0.774 0.253 

KLC-1.33-800 2207.3 1.341 0.904 0.276 

KLC-1.33-900 2424.8 1.566 0.934 0.467 

 

Table 4.4. Comparison of the textural properties of porous carbon particles made using KOH as 

an activation agent from various kinds of biomass in the literature and in this study. 

 
Precursor  

(P) 

Ratio  

(KOH/P) 

Temp. 

[oC] [a] 

SSA 

[m2/g] [b] 

TPV 

[cm3/g] [c] 

Type of 

pores 
Ref. 

1 
Kraft lignin  

(This work) 
1.33 

700 1996.2 1.206 

Micro and 

mesopores 
 800 2207.3 1.341 

900 2424.8 1.566 

2 Aloe vera 3 700 1890 0.167 Mesopores [47] 

3 Cotton 
4 

800 
1536 0.77 

Micropores [48] 
5 1898 0.98 
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6 2307 1.18 

4 Pine tree 4 850 1018 0.60 
Micro and 

mesopores 
[49] 

5 Orange peel 

0.5 

800 

1004 0.52 

Micro and 

mesopores 
[50] 1 1391 0.72 

2 1960 1.01 

6 Pine cone 1 

700 1210 0.29 
Micro, meso 

and 

macropores 

[51] 800 1515 0.38 

900 1128 0.36 

7 Human hair 2 

700 1054 0.38 

Micro and 

mesopores 
[52] 800 1306 0.90 

900 669 0.45 

8 Tobacco rods 3 800 1761 – 2115 1.00 – 1.22 

Micro, meso 

and 

macropores 

[53] 

9 Argan seed shells 4 800 2132 0.96 
Micro and 

mesopores 
[54] 

10 Pistachio nutshell 3 750 1069 0.51 Micropores [55] 

11 Cattail wool 4 800 1815 1.077 

Micro, meso 

and 

macropores 

[56] 

12 Sakura petals 

3 

750 

1137.7 0.69 
Micro, meso 

and 

macropores 

[57] 4 1433.8 0.78 

5 1785.4 0.84 

13 Bamboo 1 800 1120 0.34 

Large 

micropores 

with some 

mesopores 

[58] 

14 Pomelo peels 1 750 1665 0.89 Micro and [59] 
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mesopores 

15 Soybean residue 2 
700 1950 0.82 

Micropores [60] 
800 2130 0.92 

16 
Torreya grandis 

shell 

1 

800 

1974.5 0.18 

Micro and 

mesopores 
[61] 2 1943.1 1.30 

3 2100.8 1.02 

17 Sunflower seed shell 
1 

700 
936 0.50 Micro and 

mesopores 
[62] 

2 1309 0.68 

18 Cheery stones 3 
800 1167 0.56 

Micropores [63] 
900 1624 0.67 

19 Cassava peel waste 2.5 750 1352 0.579 
Micro and 

mesopores 
[64] 

20 
Waste shaddock 

endotheliums 

1 

750 

863 0.481 
Micro, meso 

and 

macropores 

[65] 2 1265 0.746 

3 901 0.512 

21 Wheat bran 2 800 2189.2 1.1 
Micro and 

mesopores 
[66] 

22 Acacia gum 3 

700 1179 0.72 

Micropores [67] 800 1832 1.04 

900 1764 1.06 

23 Fir wood 

0.5 

780 

891 0.61 

Micro and 

mesopores 
[68] 1 1371 0.81 

4 2179 1.24 

24 Poplar catkin 4 800 1893 1.495 

Micro, meso 

and 

macropores 

[69] 
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25 Bagasse 3 

700 1892.4 0.86 
Micro, meso 

and 

macropores 

[70] 800 1641.6 0.80 

900 2064.8 1.41 

26 Shrimp shell 4 

700 1113 0.68 Micro, meso 

and 

macropores 

[71] 
800 1343 0.73 

27 Willow catkin 

0.5 

850 

1026 0.63 

Micro and 

mesopores 
[72] 1 1589 0.89 

2 1431 0.96 

28 Eucalyptus sawdust 2 
700 1390 0.69 Micro and 

mesopores 
[73] 

800 1940 0.97 

29 Bean dreg 

0.5 

700 1060 0.52 

Micro and 

mesopores 
[74] 

800 1134 0.68 

900 1193 0.71 

1 

700 

1316 0.63 

2 1395 0.86 

3 2040 0.89 

30 Rice husk 4 
700 1759 0.79 Micro and 

mesopores 
[75] 

750 1930 0.97 

31 Artemia cyst shell 2 700 1758 0.76 
Micro, meso 

and 

macropores 

[76] 

32 
Chicken eggshell 

membrane 
4 700 1575 0.98 Micropores [77] 

33 
Soybean milk 

powder 
4 700 965 0.5 

Micro, meso 

and 
macropores 

[78] 

34 Bamboo shoot shells 1 700 1351 0.533 Micro and [79] 
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mesopores 

35 Cotton seed husk 1 
700 1694 0.87 Micro and 

mesopores 
[80] 

800 2063 1.07 

36 Redwood cone 3 
700 1831 0.92 Micro and 

mesopores 
[81] 

800 1625 0.81 

37 Rose multiflora 3 800 1646.7 0.84 
Micro and 

mesopores 
[82] 

38 Walnut shell 
3 

800 
1436.1 0.624 Micro and 

mesopores 
[83] 

4 1723.9 0.852 

39 Almond 2.4 

700 1677.5 0.60 

Micro and 

mesopores 
[84] 800 1877.8 0.67 

900 1769.2 0.61 

40 Nettle leaves 

1.33 800 1507 1.152 

Micro, meso 

and 

macropores 

[85] 2 

700 1373 0.868 

800 1951 1.374 

900 1351 1.216 

4 800 1055 0.986 

41 Soybean root 

3 

800 

1708 0.62 

Micro and 
mesopores 

[86] 4 2143 0.94 

4.5 1937 0.72 

42 Peach gum 3 700 1535 0.71 
Micro and 

mesopores 
[87] 

43 
Enteromorpha 

prolifera (EP) 
2 

700 1528 0.66 Micro and 

mesopores 
[88] 

800 1979 0.85 

44 Bacillus subtilis 4 800 1578 1.092 
Micro and 

mesopores 
[89] 
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45 Agaricus 

0.5 

700 

1479 0.71 

Micropores [90] 
2 1742 0.82 

4 2264 1.02 

5 1778 1.02 

46 Bamboo fungus 1 800 1708 0.71 
Micro and 
mesopores 

[91] 

47 Cashmere 3 800 1358 1.23 
Micro and 

mesopores 
[92] 

48 Mussel nacre 

2 

800 

2141.3 0.3038 

Micro, meso 

and 
macropores 

[93] 
3 2329.1 0.2239 

4 2331.0 0.1342 

5 2205.6 0.2209 

49 Porcine bladders 

1 

700 

1568.4 0.68 

Micro and 

mesopores 
[94] 2 1881.7 0.83 

3 2079.3 0.98 

50 Squid gladius 1 750 1129 0.141 
Micro and 

mesopores 
[95] 

51 Bristlegrass seeds 6 

700 1135 0.60 
Micro, meso 

and 
macropores 

[96] 800 1484 0.84 

900 1435 0.83 

52 Eleocharis dulcis 
1 

800 
1063 0.352 Micro and 

mesopores 
[97] 

2 1708 0.729 

53 

Green algae 

Chlorella 

zofingiensis 

2 700 1337.9 0.597 
Micro and 

mesopores 
[98] 

54 Popcorn 
0.5 

800 
867 0.406 Abundant 

micropores 

with little 

[99] 
1 1248 0.588 
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2 1489 0.706 
amount of 

mesopores 

55 Hemp stem 

1 

800 

1276 0.73 

Micro and 

mesopores 
[100] 2 1397 0.80 

3 1764 1.05 

56 Metaplexis japonica 4 750 1394 0.79 
Micro and 

mesopores 
[101] 

57 Loofah sponge 2 

700 1177 0.55 

Micro and 

mesopores 
[102] 800 1733 0.86 

900 1841 1.05 

58 Cicada slough 

0.5 

800 

1243 0.568 Abundant 

micropores 
and a small 

quantity of 

mesopores 

[103] 1 1483 0.673 

2 1745 0.730 

[a] Activation temperature [oC] 

[b] Specific surface area [m2/g] 

[c] Total pore volume [cm3/g] 

 

4.3.2. Electrochemical evaluation of HCSs derived from Kraft lignin 

To evaluate the electrochemical performance of the HSC samples in their intended use as 

electrode materials for supercapacitors, electrochemical measurements are conducted in a two-

electrode system with an aqueous 6 M KOH solution as the electrolyte. The GCD curves 

obtained from the KLC-1.33-Y (Y = 700, 800, 900 oC) samples at a current density of 0.2 A g-1 

are displayed in Figure 4.5(a). As can be clearly seen, each of these data plots is close to linear, 

demonstrating that these materials behaved as ideal electrical double-layer capacitors with good 

diffusion of the electrolyte inside the pores [104]. Additionally, each GCD curve shows a similar 

discharge time, indicating that it has similar gravimetric specific capacitance values. From the 

data in Table 4.5, the gravimetric specific capacitance values of the KLC-1.33-700, KLC-1.33-
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800, and KLC-1.33-900 specimens at a current density of 0.2 A g-1 were calculated to be 29.4, 

31.1, and 31.8 F g-1, respectively, all of which are higher than that of the commercially available 

activated carbon Kuraray YP-50F (29.2 F g-1). With the increase in the carbonization 

temperature, the specific surface areas of each of the KLC-1.33-Y samples was increased (more 

than 2000 m2 g-1), however, the specific capacitance values were not significantly improved. 

Some previous studies have demonstrated that the theoretical specific capacitance of carbon 

material in an electrolyte can be calculated according to this equation: C = εrε0A/d, where εr is the 

relative dielectric constant of the electrolyte, ε0 is the dielectric constant of a vacuum, A is the 

electrode surface area, and d is the effective thickness of the double layer (that is, the charge 

separation distance) [105]. This equation shows that the specific capacitance is directly 

proportional to the surface area of the electrode material. Therefore, we assumed that the use of a 

high carbonization temperature can enhance the specific surface area of the material, which is 

favorable to the specific capacitance performance. However, in the present work, although we 

identified a positive correlation between the specific surface area and gravimetric specific 

capacitance, the enhancement of specific capacitance values was not significantly improved. A 

relationship between these two factors (e.g. specific surface area and gravimetric specific 

capacitance) for carbon materials has been frequently observed in prior research, and this 

phenomenon can be attributed to several factors, namely (i) the formation of pores during the 

activation process that is smaller than the size of electrolyte ions, leading to the entry of the 

electrolyte into the pores difficult and a fraction of the surface area being underutilized; (ii) 

decomposition of the electrolyte at active sites on the carbon electrode; (iii) poor electrical 

conductivity and high interparticle resistance caused by a low electrode density; and (iv) an 

affinity of the carbon surface for the electrolyte solution resulting from wettability or 

hydrophilicity/hydrophobicity [26,106]. In this work, the specific surface areas were determined 

by nitrogen adsorption/desorption, and an aqueous KOH solution was used as the electrolyte. 

The diameter of nitrogen is 0.363 nm [105], while the bare and hydrated ion sizes of K+ are 

0.133 and 0.331 nm, and those of the OH- ion are 0.176 and 0.300 nm, respectively [107]. 

Therefore, the pores accessible to nitrogen molecules would also be available for the dehydrated 

K+ and OH-. It is also reasonable to assume that if the electrode material is completely wetted 

and the supercapacitor is charged/discharged at a sufficiently low rate so as to maintain 



Chapter 4. Sustainable Porous Hollow Carbon Spheres with High Specific Surface Area  

Derived from Kraft Lignin 

128 

 

thermodynamic equilibrium, all the surface area determined from nitrogen adsorption/desorption 

data would be accessed by the dehydrated ions, and this would make a positive contribution to 

the specific capacitance. In addition, the inorganic KOH electrolyte would not be expected to 

decompose at active sites in the potential range applied. Based on the discussions above, reasons 

(i) and (ii) can be reasonably ruled out. Therefore, it can be concluded that although the specific 

surface area is an important parameter, the electrode density was most likely the primary factor 

determining the specific capacitance of the samples. In general, a low electrode density will lead 

to reducing the volumetric energy density in a supercapacitor because a greater amount of 

electrolyte will be required to fill the significant void space in the electrode [108]. As shown in 

Table 4.5, the electrode density values of the KLC-1.33-700, KLC-1.33-800, and KLC-1.33-

900 samples were calculated to be 0.63, 0.50, and 0.46 g cm-3, respectively. These values are 

relatively low and would be expected to seriously lower the specific capacitance. According to 

these explanations, we would expect the capacitance to be increased in the case of samples with 

high specific surface areas and high electrode densities compared with samples having higher 

specific surface areas but low electrode densities. This is the reason why the KLC-1.33-900 

specimen showed a higher specific surface area (2424.8 m2 g-1) than the KLC-1.33-700 (1996.2 

m2 g-1) and KLC-1.33-800 (2207.3 m2 g-1) but only a slight increase in the specific capacitance 

because the former had a lower electrode density. Therefore, in our future plan, along with the 

basic requirements to have a high specific surface area and large pore volume, it would be highly 

desirable to optimize the synthesis conditions to obtain particles having high electrode densities 

and appropriate pore structures so as to provide ideal supercapacitor electrode materials. 

The capacitive performances of the KLC-1.33-Y electrodes were assessed by carrying 

out EIS measurements using a symmetric supercapacitor cell. Figure 4.5(b) presents the EIS 

spectra and Nyquist plots of these KLC-1.33-Y electrodes. Generally, the Nyquist plot exhibits a 

semicircle in the high-frequency region with a straight line at 90o in the low-frequency region 

[12,106]. The diameter of the semicircle represents the charge transfer resistance between the 

electrode and electrolyte interface, while the straight line at 90o indicates the double layer 

capacitance. It is apparent from Figure 4.5(b) that, in contrast to the KLC-1.33-700 and KLC-

1.33-800 electrodes, the KLC-1.33-900 electrode showed a straight line at 90o and no obvious 

semicircle in the spectra, which characterize the feature of low resistance between the electrolyte 
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and electrode with a high double layer capacitance. These results indicate that the KLC-1.33-900 

electrode had a better pore structure along with a suitable pore size distribution and good 

connectivity of pores. These features would promote rapid diffusion of ions between the 

electrode and the electrolyte interface, which in turn could enhance the capacitance. 

 

Figure 4.5. (a) GCD curves acquired at a current density of 0.2 A g-1 and (b) Nyquist plots for 

the KLC-1.33-Y (Y = 700, 800, 900 oC) samples. 

 

Table 4.5. Specific capacitance and electrode density values for the KLC-1.33-Y (Y = 700, 800, 

900 oC) and commercially available activated carbon Kuraray YP-50F samples. 

Sample name 
Specific capacitance Electrode density 

[F g-1] [g cm-3] 

KLC-1.33-700 29.4 0.63 

KLC-1.33-800 31.1 0.50 

KLC-1.33-900 31.8 0.46 

Kuraray YP-50F 29.2 0.71 
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4.4. Conclusions 

In summary, HCSs derived from sustainable and abundant biomass Kraft lignin have 

been successfully synthesized through a template-free spray drying method followed by a 

carbonization process. This fabrication system is simple, cost-effective, applicable to large-scale 

production, does not require polymeric surfactants or copolymers, and uses much less amount of 

KOH, which is in accordance with the green chemistry principles. The resulting carbon particles 

can be obtained with spherical morphologies and hollow structures, high specific surface areas 

up to 2424.8 m2 g-1 with micro-mesoporous structure by simply tuning the KOH concentration. 

In addition, these HCSs can be used as electrode materials in supercapacitors for energy storage 

applications. The two-electrode supercapacitor based on HCSs showed a specific capacitance 

value of 31.8 F g-1 at a current density of 0.2 A g-1, which is higher than that obtained from the 

commercial activated carbon Kuraray YP-50F (29.2 F g-1). In future, the precise optimization of 

these HCSs to obtain high electrode densities with appropriate pore structures has the potential 

for exploiting in electrochemical applications. These promising properties in conjunction with 

the green synthesis approach in the present work suggest intriguing strategies for the design of 

HCSs as advanced materials from Kraft lignin as a low-cost raw material. These particles could 

improve the electrochemical performances of various energy storage and conversion devices. 
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Chapter 5 

Conclusions and Future Perspectives 

Significant advances have been achieved in the fabrication of spherical carbon-based 

materials with well-designed morphologies, manipulated porosity, and adjustable functionalities. 

A special focus has been placed on the synthetic strategies and functionalization of carbon 

spheres with controllable sizes, structures, surface properties, and their utilization for energy 

storage devices, such as LIBs and supercapacitors. It is therefore understandable that engineering 

the carbon sphere materials is a good approach to improve the performance of LIBs and 

supercapacitors. This dissertation encompasses nanostructuration and functionalization of carbon 

spheres as a part of engineering the carbon and demonstrates the fabrication of feasible spherical 

carbon-based materials. The major highlights of this dissertation comprise the following points. 

1. The fabrication of carbon-coated SiOx (SiOx@C) core−shell particles with spherical 

morphology and excellent lithium storage performance has been developed via a sol-gel method 

followed by the carbonization process. Results from this study provide new insight into the 

design of core−shell particles by using TMOS as an alternative silica precursor rather than 

conventionally used TEOS for the first time with a well-controlled reaction rate and spherical 

morphology. In addition, to obtain an in-depth understanding of the formation of core−shell 

structure, a possible mechanism is also proposed in this research. When tested as an anode 

material for LIBs, the obtained SiOx@C particles delivered a reversible capacity of 509.2 mAh 

g−1 at a current density of 100 mA g−1. This electrochemical performance is significantly better 

than those of similar composites without the core−shell structure. The capacity retention after 

100 cycles was approximately 80%. These results suggest great promise for the proposed 

SiOx@C particles with core−shell structure, which may have potential applications in the 

improvement of various energy-storage materials. 

2. With regard to the synthesis and practical applications of nanostructured materials, the 

fabrication of carbon materials with perfectly spherical shapes using a simple procedure would 

be highly beneficial for diverse applications. Therefore, the carbon spheres have been 
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successfully synthesized through a spray drying method followed by the carbonization process, 

using Kraft lignin as the carbon source and KOH as the activation agent. The proposed method 

successfully controlled the shape and structure of the carbon particles from dense to hollow by 

tuning the KOH concentration. Especially, this research represents the first demonstration that 

KOH plays a crucial role in the formation of particles with good sphericity and dense structures. 

Furthermore, to get a better understanding of the particle formation of carbon particles, a 

plausible mechanism is also discussed in this study. The resulting spherical carbon particles 

exhibited dense structures with a specific surface area (1233 m2 g-1) and tap density (1.46 g cm-3) 

superior to those of irregular shape carbon particles. The carbon sphere particles having a high 

tap density as advanced materials can endow them for a broad prospect of applications in the 

areas of colloids and interface science as well as sustainable development. 

3. Building on our previously reported work, the precise design of hollow carbon spheres 

(HCSs) with high specific surface area derived from Kraft lignin using an appropriate amount of 

KOH has been developed through a spray drying technique followed by a simple carbonization 

process. The high specific surface area (1536.5–2424.8 m2 g-1) with micro-mesoporous structure 

of HCSs can be easily tuned by controlling the mass ratio of KOH to carbon precursor. The 

KOH-to-lignin mass ratios were utilized below 1.5, lower than those in previous studies typically 

used higher than 3, which was in accordance with green chemistry principles. In addition, these 

HCSs have applications as electrode materials in supercapacitors for energy storage devices. The 

two-electrode supercapacitor based on HCSs showed a specific capacitance value of 31.8 F g-1 at 

a current density of 0.2 A g-1, which is higher than that obtained from the commercial activated 

carbon Kuraray YP-50F (29.2 F g-1). These promising properties in conjunction with the green 

synthesis approach in the present work suggest intriguing strategies for the design of HCSs as 

advanced materials from Kraft lignin as a low-cost raw material. These particles could improve 

the electrochemical performances of various energy storage and conversion devices. 

Despite significant progresses have been made on both the synthesis and application in 

energy storage devices, some challenges still exist to be addressed. The understanding over the 

structure-performance relationships of carbon sphere materials is still in the early stage. 
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Comprehensive studies are much needed to get in-depth insights in the near future, which are 

very important for developing new advanced spherical carbon-based materials.  

1.  As the anode material for LIBs: carbon spheres have been extensively employed 

because they are versatile and it is easy to tune their porosity and other structural parameters. 

Among them, the ones with a core−shell structure and porous shells are especially attractive 

because they are able to host a series of active species, which can provide them with sufficient 

electronic conductivity. This is essential for maintaining the stable cycling of these species and 

their full utilization as well. To enhance the electrochemical performance of spherical carbon-

based materials, the particle size, pore size, and structure of the carbon spheres with surface 

modification should be precisely tailored, so that the number of exposed active sites can be 

optimized and mass transfer can be improved. 

2. As the electrode material for supercapacitors: porous carbon spheres have been 

employed as the electrode materials for commercial EDLC devices. The spherical structure can 

decrease the transmission distance of electrolyte ions, so that the electric double-layer can be 

easily formed between the electrolyte and electrode. However, along with the basic requirements 

to have a high specific surface area and large pore volume, it would be highly desirable to 

optimize the synthesis conditions to obtain particles having high electrode densities and 

appropriate pore structures so as to provide ideal supercapacitor electrode materials. 
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