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In this research, we report a novel method for preparation of the titanium dioxide/carbon 

nanocomposite with high thermal stability for application in a capacitor using the disposed bamboo 

chopsticks as carbon source. The proposed preparation method contains 2 steps which are impregnation 

of the bamboo powder with a solution of titanium tetraisopropoxide in 2-propanol and subsequently 

carbonization at a required temperature. The effect of carbonization temperatures was studied at  

500, 600 and 700°C. The XRD data showed that crystalline TiO2 was readily formed as anatase 

structure at all of the three temperatures. It is very interesting that rutile phase was not observed at all. 

It is well known that titanium dioxide prepared by other methods normally undergoes anatase-to-rutile 

phase transformation in the temperature range from 600 to 700°C and anatase is completely converted 

to rutile above 700°C. It indicates that carbon from bamboo can obviously stabilize the nano-anatase 

phase up to 700°C. The crystal size of anatase is affected by the carbonization temperature and method 

of preparation. This method provided nanocrystals of anatase with about one half smaller crystal sizes 

than that prepared by the conventional method which was performed in the alternative sequence of 

preparation steps. SEM was used for the identification of the surface morphology and particle size.  

The adsorption isotherms of the composites show the characteristic of micropores. The composite 

prepared by this novel method has lower BET specific surface area than that prepared by  

the conventional method. It can be explained that TTIP can penetrate into wide pores of the bamboo 

texture and convert to nanocrystals of anatase inside the pores of resulted porous carbon. 

Simultaneously, carbonization results in encapsulation of the anatase particle within the pores of 

carbon. The composites from the conventional method contain TiO2 outside the pores of carbon.  

The latter causes relatively larger crystals on the outer surface of carbon and leaves more space inside 

the carbon pores. Cyclic voltammetry and electrochemical impedance spectroscopy were employed to 

characterize the electrochemical performances of the composite electrode. The specific capacitance of  

the composite electrode is affected by the carbonization temperature and TiO2 content in the composite. 

However, the composite treated by phosphoric acid shows an enhanced specific capacitance.  

The composite is potential to be applied further as electrode materials for electric double layer 

capacitors.  
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CHAPTER I 

INTRODUCTION 

 
1.1 Background 

Biomass, as a renewable energy source, refers to living and recently dead 

biological material that can be used as fuel or for industrial production. In this 

context, biomass refers to plant matter grown to generate electricity or produce 

biofuel, and it also includes plant or animal matter used for production of fibers, 

chemicals or heat. Plant biomass is a natural renewable resource that can be converted 

into useful materials and energy [1]. The idea of using bamboo biomass to produce 

activated carbon rises in this context. In several countries in Asia including Thailand 

there is plenty of bamboo based chopsticks disposed as waste and it is worth 

converting such biomass towards the valued added material like TiO2/carbon 

composite. The composite can be applied further as electrode material in 

electrochemistry, and as photocatalyst. In this work we report a novel method for 

preparation of the TiO2/carbon nanocomposite with high thermal stability using 

bamboo chopsticks as carbon source for further application in an electric double layer 

capacitor.  

In the last decade, the preparation of activated carbons from several agricultural 

by-products has been studied because of their availability at a low price. Researchers 

have studied the production of activated carbon from coconut shell [2], teak sawdust 

[3], rice husks [4], corn cobs [5], palm-tree cobs [6], plum kernels [7], cassava peel 

[8], bagasse [9], olive stones [10], date pits [11], fruit stones and nutshells [12].  

The advantage of using agricultural by-products as raw materials for manufacturing 

activated carbon is that these raw materials are renewable and potentially less 

expensive to manufacture.  

Bamboo is a grass, the most diverse group of plants in the grass family.  

It belongs to the sub-family Bambusoideae of the family Poaceae. It is an enduring, 

versatile, and highly renewable material, one that people and communities have 

known and utilized for thousands of years. Bamboo is the fastest growing woody plant 

http://en.wikipedia.org/wiki/Biological_material
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Biofuel
http://en.wikipedia.org/wiki/Chemical
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in the world. Their growth rate up to 1.2 meters/day is due to a unique rhizome-dependent 

system, but is highly dependent on local soil and climate conditions. There are more 

than 70 genera divided into about 1,000 species of bamboo. They are found in diverse 

climates, from cold mountains to hot tropical regions. They are of economic and high 

cultural significance in East Asia and South East Asia where they are used extensively 

in gardens, as a building material, furniture, chopsticks, and as a food source. Bamboo 

is an abundant natural resource in Thailand because it takes only several months to 

grow up. It has been traditionally used to construct various living facilities and tools 

[13]. Bamboo has been used as the structural material for steps at construction sites in 

China, Japan, Malaysia, Thailand and other countries because it is a strong, tough and 

low-cost material. Conversion of bamboo waste to a value-added product such as 

activated carbon will help to solve part of the problem of waste in Thailand.  

The bamboo chopsticks were used as a representative of bamboo waste. 

Titanium dioxide (TiO2) is generally chemically and biologically inert, 

photoactive and inexpensive, which are the underlying reasons for the fact that this 

material is probably one of the most extensively used photocatalytic supports for 

solving environmental problems, especially in what concerns the purification of 

wastewater [14-16]. TiO2 is one of the important photocatalysts, especially for the 

detoxification of water and air because of its high activity, chemical stability, and 

robustness against photocorrosion, low toxicity and availability at low cost [17]. 

Many works were focused on the preparation as well as on the modification of TiO2 

[18-20] and some composites of SiO2/TiO2, ZrO2/TiO2 were also proposed [21–22].  

A variety of methodologies for synthesizing nanosized TiO2 have been investigated  

such as oxidation of titanium tetrachloride in a modified diffusion flame reactor [23], 

crystallization in reverse micelles [24-25] or in supercritical CO2 [26], photoassisted 

sol–gel method [27], polymer templating method [28], and hydrothermal method 

[29,30]. The most widely used methods to synthesize titania composite nanoparticles 

are sol–gel method [31-32], co-precipitation [33] and chemical vapor deposition [34]. 

Some papers reported on preparation of the composites between TiO2 and carbon [35-37]. 

It was confirmed that the introduction of active carbon to titania slurry could increase 

decomposition of some organic compounds in the photocatalytic process [38]. 

Carbon is a good support for preparing of metal oxide because it is inert in most 

reaction conditions and the metal precursor can easily be reduced to metal by carbon 

during the preparation. It provides high dispersion and inhibits sintering of metal 

http://en.wikipedia.org/wiki/Rhizome
http://en.wikipedia.org/wiki/Genus
http://en.wikipedia.org/wiki/Tropical
http://en.wikipedia.org/wiki/East_Asia
http://en.wikipedia.org/wiki/South_East_Asia
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within its small pore structure. Porous materials of metal oxides with high surface 

areas have been attracting great attention regarding catalysts, sensors, batteries and 

electrochemical double layer capacitors. As nanosized TiO2 and related compounds 

show interesting catalytic or dielectric properties, they have been widely studied as to 

the preparation of materials with high surface areas for electrodes. Many papers have 

been published on the modification of titanium dioxide by carbon. Carbon and 

titanium dioxide can form different composites. Preparation of TiO2 loaded activated 

carbon was also reported such as carbonization of n-hexane deposited on TiO2 [39], 

deposition of anatase on the surface of activated carbon [40], TiO2-coated active 

carbon composites with increased photocatalytic activity prepared by a properly 

controlled sol–gel method [41], synthesis of anatase TiO2 supported on porous solids 

by chemical vapor deposition [42]. 

Although there are many studies in the literature relating to the preparation and 

characterization of TiO2/carbon as mentioned before, however, there is no information 

for the preparation of the TiO2/carbon nanocomposite using bamboo as the precursor 

by the novel method for further application in an electric double layer capacitor. 

Electrical double-layer capacitor (EDLC) is an electrochemical energy storage 

device in which electric charges only accumulated by a pure electrostatic attraction 

force are stored on the electrolyte–electrode interface in a form of double layer and 

separated by the electrolyte. EDLC are used as power sources for camera flash 

equipment, lasers and as back-up power sources for computer memory [43].  

The energy-storage in a supercapacitor is achieved either by Faradaic or non-Faradaic 

processes at the electrode–electrolyte interface. Since the reversibility of the double 

layer process at the surface of an electroactive material determines the capacitive 

performance, a high surface area is a key factor in achieving a high-capacitance. 

The electric double layer capacitor using activated carbon as an electrode has 

been recognized as an efficient high power energy device in electric power storage 

because of its better rate capability and longer cycle life compared to secondary 

batteries [44]. Recently, new applications using such a performance have been 

attempted as an energy storage device for an electric vehicle or a pulse-current supply. 

In order to meet the needs of these new applications, it is necessary for the activated 

carbon to have a higher energy density per weight or volume than a conventional one. 

In the past years, many works have been focused on the application of activated 

carbons as the electrode material of double-layer capacitors because of their 
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accessibility, an easy processability and relatively low cost. It has been proven that 

activated carbon is able to perform in a wide range of temperatures due to its excellent 

stability against the electrolyte chemistry. Apart from these, activated carbon 

materials are environmentally friendly. Taking into account all the mentioned 

characteristics, activated carbon as a material for the storage of energy in 

electrochemical capacitors seems to be extremely attractive 

Generally, activated carbon based capacitors have relatively low capacitance, 

which could limit their practical application. Some researcher reported that 

capacitance of the activated carbon based capacitors linearly enhanced with the 

surface area of activated carbon; many researchers have worked on increasing  

the surface area of activated carbon as an approach toward high capacitance [45].  

It has been known that activated carbon electrode is rather polarizable and the resulted 

polarization adversely affect performance of the capacitors because polarization may 

reduce accumulation of the ions on double-layer. Therefore, reducing polarization of 

activated carbon has been considered to be an effective approach toward the improved 

capacitance of the double layer capacitors. It has been reported [46] that charges on 

the surface of TiO2 are more than the other regions due to the attractive contribution 

of the positively charged depletion region. Based on this fact, we consider that  

the polarization of activated carbon can be reduced by incorporation of nanosized 

TiO2 on the activated carbon surface. By this means, ion concentration on the double 

layer of activated carbon could be increased.  

Some of the prominent studies and the modified TiO2 are reviewed below. 

N. Tatsuda et al. [47] investigated the penetration of titanium tetraisopropoxide 

(TTIP) dissolved in supercritical CO2 into the nano-spaces of an activated carbon for 

the preparation of a TiO2-coated activated carbon. The conversion of TTIP to TiO2 

through thermal decomposition was confirmed by evolved gas analysis during heat 

treatment under a N2 flow. Acetone was detected in the evolved gas, which suggested 

that some isopropoxide groups in TTIP reacted with the carbonyl groups on  

the activated carbon surface. This chemical reaction with carbon is expected to be 

advantageous for favorable attachment to the carbon surface. The crystallite size of 

anatase in the TiO2/carbon composites was 4.1 nm. As the size of the crystallite 

prepared by bulk condensation of TTIP was more than 15 nm, these results confirmed 

that the anatase crystals were present in the carbon pores. Also, it was suggested that 

the crystal growth of TiO2 was influenced by the carbon nano-spaces. 
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S.X. Liu et al. [48] prepared a TiO2/AC photocatalyst with high activity and easy 

separation using a hydrothermal method. Phenol, methyl orange (MO) and Cr(VI) 

were used as target pollutants to test the activity and decantability. Results showed 

that the activated carbon composite exhibited a significant effect on the TiO2 activity. 

With suitable activated carbon content, the TiO2/xAC catalysts prepared were much 

more active. The TiO2/5AC catalyst exhibited easy separation and less deactivation 

after several runs, and was less sensitive to pH changes. UV/DRS revealed that no 

electronic bandgap changed in TiO2 occurred on addition of the activated carbon. 

SEM and XRD results suggest that better TiO2 distribution was able to be achieved 

when optimal activated carbon content was used. A Ti–O–C bond was formed and  

a slight conjugation effect appeared between the activated carbon bulk and TiO2.  

The advantages of the obtained TiO2/5AC catalyst revealed its great practical 

potential in wastewater treatment. 

A.H. El-Sheikh et al. [40] reported that titanium dioxide was deposited on  

the surface of active carbon. Three different techniques were used: chemical vapour 

deposition (CVD), direct air-hydrolysis (DAH) and high-temperature impregnation 

(HTI) techniques. The effect of each deposition procedure on surface area, porosity 

and thermal stability of the sample was studied by nitrogen adsorption, mercury 

intrusion, methylene blue (MB) adsorption and thermal gravimetric analysis.  

There was significant reduction, which may be due to TiO2 deposition, in porosity and 

surface area. The reduction in MB adsorption was proportional to anatase TiO2 but 

not to the total TiO2 deposited. Chemical vapour deposition gave more anatase TiO2 

than the direct air-hydrolysis technique, which is thought to form the deposit within 

the micro-meso pores, and caused more porosity-surface area reduction. TiO2 

particles inside the pores have more opportunity to crystallize into the anatase form. 

The deposited layer of TiO2 apparently catalyzed slight weight loss at low 

temperatures but generally gave more thermal stability for the support. Non-activated 

carbon was used and its thermal stability, porosity and surface area were not affected 

by TiO2 deposition. The deposition, in non-activated carbon, is thought to occur on 

external surface, which may be due to absence of large micropores. 

Z. Li et al. [49] prepared titania–silica composite nanoparticles by sol–gel-

hydrothermal and sol–gel routes, respectively, and their physicochemical and 

photocatalytic properties were compared. The results of XRD, TEM and BET surface 

areas showed that sol–gel-hydrothermal route led to anatase titania–silica composite 
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nanoparticles with large specific surface area, but the sol–gel route tended to form 

mixture of anatase and rutile. The composite nanoparticles prepared by sol–gel-

hydrothermal route had better thermal stability against phase transformation from 

anatase to rutile, agglomeration and particle growth than those prepared by sol–gel 

route. On the basis of XRD, FT-IR, XPS and NMR, a strong interaction was found 

between SiO2 and TiO2, and Ti–O–Si bonds formed during both the two routes.  

But more Ti–O–Si bonds formed in the composite nanoparticles prepared by sol–gel-

hydrothermal route than those prepared by sol–gel route. As a result, the titania–silica 

composite nanoparticles prepared by sol–gel-hydrothermal route exhibited higher 

photocatalytic activity in decomposition of methylene blue than that prepared by sol–gel 

route, and it had excellent photocatalytic activity even after calcined at 1000°C. 

B. Jiang et al. [50] described the size-controlled synthesis of anatase TiO2 

nanoparticles by using metatitanic acid as a starting material and in the presence of 

carboxylic acid group-containing organics as modifiers. The average particle sizes 

and particle size distributions of the resulting anatase TiO2 nanoparticles were 

significantly affected by the chemical structures of the organic modifiers.  

The presence of nonpolar group-containing carboxylic acids was beneficial to 

formation of small-sized and narrow size-distributed anatase TiO2 nanoparticles. 

L. Kőrösi and I. Dékány [51] prepared a series of high surface area titanium 

dioxide samples (P-TiO2) with varying phosphate content by the sol–gel technique. 

The structural properties of the P-TiO2 samples significantly changed with  

the phosphate content and calcination temperature. According to XRD data  

the presence of phosphate shifts the anatase rutile phase transition to higher 

temperatures, revealing that phosphate improves the thermal stability of the samples. 

The specific surface area and the semiconductor band gap energy increase with  

the phosphate content.  

W. Qiao et al. [52] reported that coconut shell-based activated carbon was 

oxidized in aq. H2SO4, HNO3 and H2O2 to induce surface oxygen functional groups 

on its surface and to increase the mechanical strength of the resultant activated carbon 

artifact with PVB as a binder. Although the oxidation was confirmed to significantly 

increase the mechanical strength of activated carbon, aq. H2O2 was found to be  

the most effective, giving strength as high as 6000 kPa, which is believed to be 

sufficient for the electrode of an electric double layer capacitor (EDLC). The increase 

of CO2 evolving groups induced on the surface of activated carbon appears to be 
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responsible for the increase in mechanical strength. There was an optimum extent of 

oxidation for the strength as well as the performance of the electrode. Too much 

oxidation reduces the electrical conductivity of the activated carbon. Facile oxidation 

by aq. H2O2 can be recommended as a practical modification of the surface since it 

takes place safely below 100°C without releasing any harmful gas. 

M.S. Dandekar et al. [53] reported about the specific capacitance (F/g) of  

a composite electrode consisting of activated coconut-shell carbon and hydrous 

ruthenium oxide. The composite electrode shows an enhanced specific capacitance of 

250 F/g in 1 M H2SO4 with 9 wt% ruthenium incorporated. Chemical and structural 

characterization of the composites reveals a homogeneous distribution of amorphous 

RuOx(OH)y throughout the porous network of the activated carbon. Electrochemical 

characterization indicates an almost linear dependence of capacitance on the amount 

of ruthenium owing to its pseudocapacitive nature. 

H. Liang et al. [54] studied the energy storage of activated carbon modified with 

a semiconducting oxide TiO2. The composite was prepared by mixing nanosize TiO2 

and activated carbon through a means of ultrasonic vibration in ethanol solution for 

30 min. It was found that with modification of TiO2, the specific capacitance of 

activated carbon measured at 0.65 mA/cm2 was increased from 47.2 to 63.1 F/g. This 

method is unique in comparison the conventional method because it uses 

semiconducting TiO2 other than electrochemically active materials such as RuO2.  

The later has been adopted to make electrochemical-double-layer hybrid 

supercapacitors, however, the former is attributed to a pure double-layer 

supercapacitor. 

G.-h. Yuan et al. [55] reported that some nanometer-scale amorphous particles 

of nickel oxide were loaded into activated-carbon by suspending the activated-carbon 

in a Ni(NO3)2 solution followed by neutralization. A hybrid type electrochemical 

capacitor was made and tested, in which the activated-carbon loaded with nickel 

oxide was used as cathode material and activated-carbon was used as anode material. 

Although the BET surface area of the activated-carbon decreased upon nickel oxide 

loading compared to that of the starting material, its specific capacitance increased 

10.84%, from 175.40 to 194.01 F/g and the potential of oxygen evolution on  

the composite material electrode was 0.076 V higher than that of the pure activated-

carbon electrode, in the electrolyte of 6 mol/l KOH solution, so the hybrid capacitor 

had larger energy density. Similar to the pure activated-carbon electrode, no obvious 
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change appears on the specific capacitances of the composite material electrode at 

various discharge currents and the composite material electrode exhibiting good 

power characteristics. 

In this work, we presented a novel process for fabrication of activated carbon 

semiconducting oxide composites and evaluated such composites as an electrode 

material of the double layer capacitors. The disposed bamboo chopsticks were 

employed as the carbon source in preparation of a composite of titanium dioxide and 

carbon for application in a capacitor because of plenty of bamboo chopsticks waste 

from restaurant in Thailand. A proposed preparation method contains 2 steps which 

are impregnation of the bamboo powder with a solution of titanium tetraisopropoxide 

in 2-propanol and subsequently carbonization at a required temperature.  

The carbonization temperatures were varied from 500 to 700˚C and study the effect of 

TiO2 content in the composite to enhance the specific capacitance value of  

the composite electrodes. 

 

1.2 Objective 

In this work we report a novel method for preparation of the TiO2/carbon 

nanocomposite with high thermal stability using bamboo chopsticks as carbon source 

for further application in an electric double layer capacitor. 

 

1.3 Scopes of This Work  

1. Preparation of the porous carbon from bamboo waste. 

2. Preparation and investigation of TiO2/carbon nanocomposite from different 

methods and study the effect of carbonization temperature on formation of 

anatase structure. 

3. Preparation of the TiO2/carbon nanocomposite as electrode materials for 

electric double layer capacitors and study the effect of TiO2 content in  

the composite to enhance the capacitive performance of the composite 

electrodes. 

 

 

 



 
 

CHAPTER II 

THEORY 

 
2.1 Carbon 

Carbon is used extensively in one form or another in a variety of electrochemical 

systems. Carbon is selected for many electrochemical applications because of its good 

electrical and thermal conductivities, low density, adequate corrosion resistance, low 

thermal expansion, low elasticity, and high purity. In addition, carbon material can be 

produced in a variety of structures, such as powders, fibers, large blocks, and thin solid and 

porous sheets. Furthermore, carbon materials are readily available and generally low-cost. 

In particular, renewed interest in carbon for use in electrode material for fabricating 

supercapacitor electrodes has emerged.  

Different types of specially-designed electrode materials have been intensely 

investigated in the past decade for fabricating supercapacitor electrodes. Some of  

the well-known materials include carbon nanotubes (CNTs) [56-58], carbon aerogels 

[59], activated carbon [60, 61], and conducting polymer-based nanocomposites [62, 63]. 

Although CNTs are potential candidates for supercapacitors, commercial application 

is yet to be realized because of difficulties in mass production and purification. 

Furthermore, the properties of CNTs depend on their prehistory and hence their 

reproducibility is difficult with respect to their diameter and conductivity distribution. 

Carbon aerogels can also be used as electrode materials for supercapacitors, but  

the critical drying step involved in the synthesis of this material is hazardous and 

expensive for practical application. A comparison of these different materials shows 

that activated carbon is one of the most promising materials for fabricating 

supercapacitors, because of its low cost, inherent high surface area, structural 

stability, and electrochemical inertness within a wide potential window (up to 1 V in 

aqueous and 3.5 V in non-aqueous media) [54,64]. 

Generally, activated carbon based capacitors have relatively low capacitance, 

which could limit their practical application. Since Watanabe [65] reported that 

capacitance of the activated carbon based capacitors linearly enhanced with  
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the surface area of activated carbon, many researchers have worked on increasing  

the surface area of activated carbon as an approach toward high capacitance. 

Activated carbons can be produced from carbonaceous materials, such as wood, 

sawdust, coconut shells, anthracite, bituminous coal, etc., by physical or chemical 

activation. Activated carbons are high surface area, high porosity carbons that are 

produced by two principal methods. 

1. Physical activation 

Physical activation involves heating a previously charred material at high 

temperature using oxidants such as steam [66], carbon dioxide [67]. Physical 

activation is generally carried out at elevated temperatures between 750 and 1100°C. 

2. Chemical activation 

Chemical activation involves heating a mixture of the raw material and  

a dehydrating agent to temperatures from 200 to 650°C. After carbonization  

the dehydrating agent is leached out and reused. The three dehydrating agents that are 

most commonly used are H3PO4 [68], ZnCl2 [9], and H2SO4.  

The specific capacitance of activated carbon is promoted by mixing it with various 

metal oxides, which causes a significant improvement in intra and inter-particle electronic 

conduction. The supercapacitive behaviour of several transition metal oxides, such as RuO2 

[69], NiOx [70] and manganese oxide [71] has already been evaluated Based on this fact, 

we consider that the polarization of active carbon can be reduced by modifying activated 

carbon with semiconducting TiO2, especially these with nanosize. By this means, ion 

concentration on the double-layer of activated carbon could be increased.  

 

2.2 Titanium Dioxide 

Inorganic n-type semiconductor titanium dioxide (TiO2) particles have good 

biocompatibility, stability and environmental safety. Titanium dioxide has been 

widely used in many areas such as the paint industry, biomedicine, electronics and 

environmental engineering. Titanium dioxide nanocrystallites can be used as  

a photocatalyst for the degradation of a variety of toxic chemicals and as a promising 

electrode material in dye-sensitized solar cells. The crystal structures, morphology 

and chemical species on the surface that are derived from the starting materials  

play important roles in the photophysical and photochemical performances of  

the nanocrystallites. It is found that photoelectron transfer at the interface between 
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TiO2 nanocrystallites and substrates is strongly affected by the crystal surface and 

surface morphology. For comparison of the characteristics of phase-pure TiO2 

nanocrystallites with comparable morphology, facile and novel syntheses of nano-

sized anatase and rutile TiO2 are worth investigation [72]. 

Titanium dioxide was first produced commercially in 1923 and accounts for 

approximately 70% of the total volume of pigment production. Relatively small 

quantities of titanium dioxide are used for non-pigmentary purposes. In 2004, 

worldwide production of titanium dioxide was 4.4 million tonnes. Titanium dioxide is 

obtained from a variety of ores that contain ilmenite, rutile, anatase and leucoxene, 

which are mined from deposits located throughout the world. The primary particles 

are typically between 0.2 and 0.3 μm in diameter, although larger aggregates and 

agglomerates are formed. Ultrafine grades of titanium dioxide have a primary particle 

size of 10–50 nm and are used predominantly as ultraviolet blockers in sunscreens 

and plastics, and in catalysts. Most commercial titanium dioxide products are coated 

with inorganic (e.g. alumina, zirconia, silica) and organic (e.g. polyols, esters, 

siloxanes, silanes) compounds to control and improve surface properties. 

 

2.3 Structure of Titanium Dioxide [73] 

Titanium dioxide (TiO2) has three most commonly encountered crystalline 

polymorphs: anatase, brookite, and rutile. All the three crystal structures are made up 

of distorted TiO6 octahedra, but in different ways. Rutile adopts a tetragonal structure, 

in which two opposing edges of each octahedron are shared to form linear chains 

along the [001] direction and the TiO6 chains are then linked together via corner 

connection. Anatase (tetragonal) has no corner sharing but has four edges shared per 

octahedron. The crystal structure of anatase can be viewed as zigzag chains of  

the octahedral linked together through edge sharing. 

As for brookite (orthorhombic), the octahedra share three edges and also 

corners, and the dominant structural feature is a chain of edge sharing: the distorted 

TiO6 octahedra are arranged parallel to the c-axis and are cross-linked by shared 

edges. The crystal built-up (in terms of the number of shared edges) and some known 

physical properties of brookite seem to go between those of anatase and rutile.  

For example the refractive index of anatase, brookite, and rutile increases in the order 

2.52, 2.63, and 2.72, while the theoretical density 3.84, 4.11, and 4.26 g/cm3. 
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Rutile 

Anatase 

 

 

Figure 2.1 The crystal structures of rutile and anatase. The tetragonal unit cell of 

rutile has the dimension, a = b = 4.587 Å, c = 2.953 Å, and the one of 

anatase a = b = 3.782 Å, c = 9.502 Å. In both structures, slightly 

distorted octahedral are the basic building units. The bond lengths and 

angles of the octahedrally coordinated Ti atoms are indicated and  

the stacking of the octahedral in both structures is shown on the right 

side. 
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Figure 2.2 The crystal structure of brookite. The orthorhombic unit cell of brookite 

has the dimension, a = 9.184 Å, b = 5.447 Å, c = 5.145 Å. 

 

2.4 Synthesis Methods for Titanium Dioxide Nonostructures [74] 

2.4.1 Sol-Gel Method 

The sol-gel method is a versatile process used in making various ceramic 

materials. In a typical sol-gel process, a colloidal suspension, or a sol, is formed from 

the hydrolysis and polymerization reactions of the precursors, which are usually 

inorganic metal salts or metal organic compounds such as metal alkoxides. Complete 

polymerization and loss of solvent leads to the transition from the liquid sol into  

a solid gel phase. Thin films can be produced on a piece of substrate by spin-coating 

or dip-coating. A wet gel will form when the sol is cast into a mold, and the wet gel is 

converted into a dense ceramic with further drying and heat treatment. A highly 

porous and extremely low-density material called an aerogel is obtained if the solvent 

in a wet gel is removed under a supercritical condition. Ceramic fibers can be drawn 

from the sol when the viscosity of a sol is adjusted into a proper viscosity range. 

Ultrafine and uniform ceramic powders are formed by precipitation, spray pyrolysis, 

or emulsion techniques. Under proper conditions, nanomaterials can be obtained. 

 

2.4.2 Hydrothermal Method 

Hydrothermal synthesis is normally conducted in steel pressure vessels called 

autoclaves with or without Teflon liners under controlled temperature and/or pressure 
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with the reaction in aqueous solutions. The temperature can be elevated above  

the boiling point of water, reaching the pressure of vapor saturation. The temperature 

and the amount of solution added to the autoclave largely determine the internal 

pressure produced. It is a method that is widely used for the production of small 

particles in the ceramics industry. Many groups have used the hydrothermal method 

to prepare TiO2 nanoparticles. 

 

2.4.3 Solvothermal Method 

The solvothermal method is almost identical to the hydrothermal method except 

that the solvent used here is nonaqueous. However, the temperature can be elevated 

much higher than that in hydrothermal method, since a variety of organic solvents 

with high boiling points can be chosen. The solvothermal method normally has better 

control than hydrothermal methods of the size and shape distributions and  

the crystallinity of the TiO2 nanoparticles. The solvothermal method has been found 

to be a versatile method for the synthesis of a variety of nanoparticles with narrow 

size distribution and dispersity. The solvothermal method has been employed to 

synthesize TiO2 nanoparticles and nanorods with/without the aid of surfactants. 

 

2.4.4 Chemical Vapor Deposition 

Vapor deposition refers to any process in which materials in a vapor state are 

condensed to form a solid-phase material. These processes are normally used to form 

coatings to alter the mechanical, electrical, thermal, optical, corrosion resistance, and 

wear resistance properties of various substrates. They are also used to form free-

standing bodies, films, and fibers and to infiltrate fabric to form composite materials. 

Recently, they have been widely explored to fabricate various nanomaterials. Vapor 

deposition processes usually take place within a vacuum chamber. If no chemical 

reaction occurs, this process is called physical vapor deposition (PVD); otherwise, it 

is called chemical vapor deposition (CVD). In CVD processes, thermal energy heats 

the gases in the coating chamber and drives the deposition reaction. 

 
2.4.5 Sonochemical Method  

Ultrasound has been very useful in the synthesis of a wide range of 

nanostructured materials, including high-surfacearea transition metals, alloys, 
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carbides, oxides, and colloids. The chemical effects of ultrasound do not come from  

a direct interaction with molecular species. Instead, sonochemistry arises from 

acoustic cavitation: the formation, growth, and implosive collapse of bubbles in  

a liquid.  

 

2.4.6 Microwave Method 

A dielectric material can be processed with energy in the form of high-

frequency electromagnetic waves. The principal frequencies of microwave heating are 

between 900 and 2,450 MHz. At lower microwave frequencies, conductive currents 

flowing within the material due to the movement of ionic constituents can transfer 

energy from the microwave field to the material. At higher frequencies, the energy 

absorption is primarily due to molecules with a permanent dipole which tend to 

reorientate under the influence of a microwave electric field. This reorientation loss 

mechanism originates from the inability of the polarization to follow extremely rapid 

reversals of the electric field, so the polarization phasor lags the applied electric field. 

This ensures that the resulting current density has a component in phase with the field, 

and therefore power is dissipated in the dielectric material. The major advantages of 

using microwaves for industrial processing are rapid heat transfer, and volumetric and 

selective heating. 

 

2.4.7 TiO2 Aerogels  

The study of TiO2 aerogels is worthy of special mention. The combination of 

sol-gel processing with supercritical drying offers the synthesis of TiO2 aerogels with 

morphological and chemical properties that are not easily achieved by other 

preparation methods with high surface area. 

 

2.5 Modifications of Titanium Dioxide Nanomaterials 

Many applications of TiO2 nanomaterials are closely related to its optical 

properties. However, the highly efficient use of TiO2 nanomaterials is sometimes 

prevented by its wide band gap. The band gap of bulk TiO2 lies in the UV regime  

(3.0 eV for the rutile phase and 3.2 eV for the anatase phase). Thus, one of the goals 

for improvement of the performance of TiO2 nanomaterials is to increase their optical 

activity by shifting the onset of the response from the UV to the visible region.  
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There are several ways to achieve this goal. First, doping TiO2 nanomaterials with 

other elements can narrow the electronic properties and, thus, alter the optical 

properties of TiO2 nanomaterials. Second, sensitizing TiO2 with other colorful 

inorganic or organic compounds can improve its optical activity in the visible light 

region. Third, coupling collective oscillations of the electrons in the conduction band 

of metal nanoparticle surfaces to those in the conduction band of TiO2 nanomaterials 

in metal-TiO2 nanocomposites can improve the performance. In addition,  

the modification of the TiO2 nanomaterials surface with other semiconductors can 

alter the charge-transfer properties between TiO2 and the surrounding environment, 

thus improving the performance of TiO2 nanomaterials-based devices. 

 

2.5.1 Metal-Doped TiO2 Nanomaterials 

Different metals have been doped into TiO2 nanomaterials. The preparation 

methods of metal-doped TiO2 nanomaterials can be divided into three types: wet 

chemistry, high temperature treatment, and ion implantation on TiO2 nanomaterials. 

Wet chemistry methods usually involve hydrolysis of a titanium precursor in  

a mixture of water and other reagents, followed by heating. 

Li et al. [75] developed La3+ doped TiO2 by the sol-gel process and found that  

the lanthanum doping could inhibit the phase transformation of TiO2, enhance  

the thermal stability of the TiO2, reduce the crystallite size, and increase the Ti3+ content on 

the surface. Nagaveni et al. [76] prepared W, V, Ce, Zr, Fe, and Cu ion-doped anatase  

TiO2 nanoparticles by a solution combustion method and found that the solid solution 

formation was limited to a narrow range of concentrations of the dopant ions. 

 

2.5.2 Nonmetal-Doped TiO2 Nanomaterials 

Various nonmetal elements, such as B, C, N, F, S, Cl, and Br, have been 

successfully doped into TiO2 nanomaterials. C-doped TiO2 nanomateirals have been 

obtained by heating titanium carbide [77] or by direct burning of a titanium metal 

sheet in a natural gas flame [78]. 
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2.6 Applications of TiO2 Nanomaterials 

The existing and promising applications of TiO2 nanomaterials include paint, 

toothpaste, UV protection, photocatalysis, photovoltaics and sensing. TiO2 

nanomaterials normally have electronic band gaps larger than 3.0 eV and high 

absorption in the UV region. TiO2 nanomaterials are very stable, nontoxic, and cheap. 

Their optical and biologically benign properties allow them to be suitable for UV 

protection applications. 

 

2.6.1 Photocatalytic Applications 

TiO2 is regarded as the most efficient and environmentally benign photocatalyst, 

and it has been most widely used for photodegradation of various pollutants. The 

photocatalytic reaction mechanisms are widely studied. The principle of the 

semiconductor photocatalytic reaction is straightforward. Upon absorption of photons 

with energy larger than the band gap of TiO2, electrons are excited from the valence 

band to the conduction band, creating electron-hole pairs. These charge carriers 

migrate to the surface and react with the chemicals adsorbed on the surface to 

decompose these chemicals. This photodecomposition process usually involves one or 

more radicals or intermediate species such as •OH, O2-, H2O2, or O2, which play 

important roles in the photocatalytic reaction mechanisms. The photocatalytic activity 

of a semiconductor is largely controlled by (i) the light absorption properties, e.g., 

light absorption spectrum and coefficient, (ii) reduction and oxidation rates on the 

surface by the electron and hole, (iii) and the electron-hole recombination rate.  

A large surface area with a constant surface density of adsorbents leads to faster 

surface photocatalytic reaction rates. In this sense, the larger the specific surface area, 

the higher the photocatalytic activity is. On the other hand, the surface is a defective 

site; therefore, the larger the surface area, the faster the recombination. The higher the 

crystallinity, the fewer the bulk defects, and the higher the photocatalytic activity are. 

Hightemperature treatment usually improves the crystallinity of TiO2 nanomaterials, 

which in turn can induce the aggregation of small nanoparticles and decrease  

the surface area. Judging from the above general conclusions, the relation between  

the physical properties and the photocatalytic activities is complicated. Optimal 

conditions are sought by taking these considerations into account and may vary from 

case to case [79]. 
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2.6.2 Photovoltaic Applications 

Photovoltaics based on TiO2 nanocrystalline electrodes have been widely 

studied.  At the heart of the system is a nanocrystalline mesoporous TiO2 film with  

a monolayer of the charge-transfer dye attached to its surface. The film is placed in 

contact with a redox electrolyte or an organic hole conductor. Photoexcitation of  

the dye injects an electron into the conduction band of TiO2. The electron can be 

conducted to the outer circuit to drive the load and make electric power. 

 
2.7 Faradaic and Nonfaradaic Processes [80] 

Two types of processes occur at electrodes. One kind comprises reactions like 

those just discussed in which charges (e.g., electrons) are transferred across the metal-

solution interface. Electron transfer caused oxidation or reduction to occur. Since such 

reactions are governed by Faraday’s law (i.e., the amount of chemical reaction caused 

by the flow of current is proportional to the amount of electricity passed), they are 

called faradaic processes. Electrodes at which faradaic processes occur are sometimes 

called charge-transfer electrodes. Under some conditions, a given electrode-solution 

interface will show a range of potentials where no charge-transfer reactions occur 

because such reactions are thermodynamically or kinetically unfavorable. However, 

processes such as adsorption and desorption can occur, and the structure of  

the electrode-solution interface can change with charging potential or solution 

composition. These processes are called nonfaradaic processes. Although charge does 

not cross the interface, external currents can flow when the potential, electrode area, 

or solution composition changes. Both faradaic and nonfaradaic processes occur when 

electrode reaction take place. Although the faradaic processes are usually of primary 

interest in the investigation of an electrode reaction, the effects of the nonfaradaic 

processes must be taken into account in using electrochemical data to obtain 

information about the charge transfer and associated reactions. 

 

2.8 Nonfaradaic Processes and the Nature of the Electrode-Solution Interface 

2.8.1 The ideal Polarized Electrode 

An electrode at which no charge transfer can occur across the metal-solution 

interface, regardless of the potential imposed by and outside source of voltage, is 

called an ideal polarized (or ideal polarizable) electrode (IPE). While no real 
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electrode can behave as an IPE over the whole potential range available in a solution, 

some electrode-solution systems can approach ideal polarizability over limited 

potential ranges.   

 

2.8.2 Capacitance and Charge of an Electrode 

Since charge cannot cross the IPE interface when the potential across it is 

changed, the behavior of the electrode-solution interface is analogous to that of  

a capacitor. A capacitor is an electrical circuit element composed of two metal sheets 

separated by a dielectric material (Figure 2.3a). Its behavior is governed by the equation 

C
E
q
=  
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Figure 2.3 (a) A capacitor (b) Charging a capacitor with a battery [80]. 

 

where q is the charge stored on the capacitor (in coulombs, C), E is the potential 

across the capacitor (in Volts, V), and C is the capacitance (in farads, F). When  

a potential is applied across a capacitor, charge will accumulate on its metal plates 

until q satisfies equation. During this charging process, a current (called the charging 

current) will flow. The charge on the capacitor consists of an excess of electrons on 

one plate and a deficiency of electron on the other (Figure 2.3b).  

 

2.9 Electric Double Layer Capacitors (EDCLs)  

Electric double-layer capacitors, also known as supercapacitors, electrochemical 

double layer capacitors (EDLCs) or ultracapacitors are electrochemical capacitors that 

have an unusually high energy density when compared to common capacitors. Electric 

http://en.wikipedia.org/wiki/Electrical_double_layer
http://en.wikipedia.org/wiki/Electrical_double_layer
http://en.wikipedia.org/wiki/Capacitor
http://en.wikipedia.org/wiki/Energy_density
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double layer capacitors are attractive energy-storage devices, particularly for 

applications that involve high-power requirements, such as electric vehicles and 

hybrid electric vehicle systems [81]. In addition, electric double layer capacitors are 

used as power sources for camera flash equipment, lasers and as back-up power 

sources for computer memory. 

In general, electric double layer capacitors improve storage density through  

the use of a nanoporous material, typically activated carbon, in place of  

the conventional insulating barrier. Activated carbon is a powder made up of 

extremely small and very "rough" particles, which in bulk form a low-density volume 

of particles with holes between them that resembles a sponge. The overall surface area 

of even a thin layer of such a material is many times greater than a traditional material 

like aluminum, allowing many more charge carriers (ions or radicals from  

the electrolyte) to be stored in any given volume. The downside is that the charcoal is 

taking the place of the improved insulators used in conventional devices. Activated 

carbon is not the "perfect" material for this application. The charge carriers are 

actually (in effect) quite large especially when surrounded by solvent molecules and 

are often larger than the holes left in the carbon, which are too small to accept them, 

limiting the storage. Recent research in electric double-layer capacitors has generally 

focused on improved materials that offer even higher usable surface areas.  

The specific capacitance of activated carbon is promoted by mixing it with various 

metal oxides, which causes a significant improvement in intra and inter-particle 

electronic conduction. 

In the discussion of electron transfer reactions so far there has been no mention 

of the nature of the electrode/electrolyte interface. It is clear that any interface will 

disrupt the electrolyte solution since the interactions between the solid and  

the electrolyte will be considerably different to those in solution. For electrodes which 

are under potentiostatic control there will also be the additional influence of  

the charge held at the electrode. These different factors result in strong interactions 

occurring between the ions/molecules in solution and the electrode surface. This gives 

rise to a region called the electrical double layer. Many models have been put forward 

to explain the behaviour observed when electrochemical measurements are performed 

in electrolyte solutions. 

 
 

http://en.wikipedia.org/wiki/Activated_charcoal
http://en.wikipedia.org/wiki/Sponge
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2.10 Electrochemical Impedance Spectroscopy (EIS) [82] 

Electrochemical Impedance Spectroscopy (EIS) is an experimental method of 

characterizing electrochemical systems. This technique measures the impedance  

of a system over a range of frequencies, and therefore the frequency response of  

the system, including the energy storage and dissipation properties, is revealed. Often, 

data obtained by EIS is expressed graphically in a Bode plot or a Nyquist plot. 

Impedance is the opposition to the flow of alternating current (AC) in a complex 

system. A passive complex electrical system comprises both energy dissipater 

(resistor) and energy storage (capacitor) elements. If the system is purely resistive, 

then the opposition to AC or direct current (DC) is simply resistance. 

 

2.10.1 Definition of Impedance 

Almost everyone knows about the concept of electrical resistance. It is  

the ability of a circuit element to resist the flow of electrical current. Ohm's law 

defines resistance in terms of the ratio between voltage E and current I. 

                                     

I
ER =  

 
An ideal resistor has several simplifying properties: 

1)  It follows Ohm's Law at all current and voltage levels. 

2)  It's resistance value is independent of frequency. 

3)  AC current and voltage signals though a resistor is in phase with each other. 

 

The real world contains circuit elements that exhibit much more complex 

behavior. These elements force us to abandon the simple concept of resistance. In its 

place we use impedance, which is a more general circuit parameter. Like resistance, 

impedance is a measure of the ability of a circuit to resist the flow of electrical 

current. Unlike resistance, impedance is not limited by the simplifying properties 

listed above. Electrochemical impedance is usually measured by applying an AC 

potential to an electrochemical cell and measuring the current through the cell.  

 
 
 
 

http://en.wikipedia.org/wiki/Impedance
http://en.wikipedia.org/wiki/Bode_plot
http://en.wikipedia.org/wiki/Nyquist_plot
http://en.wikipedia.org/wiki/Alternating_current
http://en.wikipedia.org/wiki/Resistor
http://en.wikipedia.org/wiki/Capacitor
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Electrical_resistance


 22

2.10.2 Electrical Circuit Elements 

EIS data is commonly analyzed by fitting it to an equivalent electrical circuit 

model. Most of the circuit elements in the model are common electrical elements such 

as resistors, inductors, and capacitors. To be useful, the elements in the model should 

have a basis in the physical electrochemistry of the system. Table 2.1 lists  

the common circuit elements, the equation for their current versus voltage 

relationship, and their impedance. 

 

Table 2.1 Common electrical elements 
 

 
Component 

 
Current Vs Voltage 

 
Impedance 

 
Resistor, R 

 
E= IR 

 

 
Z = R 

 
 

Inductor, L dt
diLE =  

 

 
LjZ ω=  

 
Capacitor, C dt

dECI =  
Cj

Z
ω
1

=  

 

Notice that the impedance of a resistor is independent of frequency and has only 

a real component. Because there is no imaginary impedance, the current through  

a resistor is always in phase with the voltage. The impedance of an inductor increases 

as frequency increases. Inductors have only an imaginary impedance component. As  

a result, an inductor's current is phase shifted 90 degrees with respect to the voltage. 

The impedance versus frequency behavior of a capacitor is opposite to that of  

an inductor. A capacitor's impedance decreases as the frequency is raised. Capacitors 

also have only an imaginary impedance component. The current through a capacitor is 

phase shifted -90 degrees with respect to the voltage. 

 

2.10.3 Charge Transfer Resistance, Rct (or Polarization Resistance, Rp) 

A similar resistance is formed by a single kinetically controlled electrochemical 

reaction. In this case we do not have a mixed potential, but rather a single reaction at 
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equilibrium. Consider a metal substrate in contact with an electrolyte. The metal 

molecules can electrolytically dissolve into the electrolyte, according to: 

 
or more generally: 

 
 

In the forward reaction in the first equation, electrons enter the metal and metal 

ions diffuse into the electrolyte. Charge is being transferred. This charge transfer 

reaction has a certain speed. The speed depends on the kind of reaction,  

the temperature, the concentration of the reaction products and the potential. When 

the overpotential is very small and the electrochemical system is at equilibrium,  

the expression for the charge transfer resistance changes into: 

0nFi
RTRct =  

R = Gas constant 

T = Temperature 

n = Number of electrons involved 

F = Faradays constant 

i0 = Exchange current density      

                                                                                                                     

From this equation the exchange current density can be calculated when Rct is 

known. Whenever the potential of an electrode is forced away from its value at open 

circuit is referred to as polarizing the electrode. When an electrode is polarized, it can 

cause current to flow via electrochemical reactions that occur at the electrode surface. 

The amount of current is controlled by the kinetics of the reactions and  

the diffusion of reactants both towards and away from the electrode. 

 

2.10.4 Double Layer Capacitance, Cdl 

An electrical double layer exists at the interface between an electrode and its 

surrounding electrolyte. This double layer is formed as ions from the solution stick on 

the electrode surface. Charges in the electrode are separated from the charges of these 

ions. The separation is very small, on the order of angstroms. Charges separated by  

an insulator form a capacitor. The value of the double layer capacitance depends on 
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many variables including electrode potential, temperature, ionic concentrations, types 

of ions, oxide layers, electrode roughness, impurity adsorption, etc. 

 

2.10.5 Constant Phase Element (CPE) 

Capacitors in EIS experiments often do not behave ideally. Instead, they act like 

a constant phase element (CPE) as defined below. The impedance of a capacitor has 

the form: 

 

αω )(
1
Cj

Z =  

 

Where, ω is the angle frequency (ω = 2πƒ, ƒ being the frequency). When this 

equation describes a capacitor, the exponent α = 1. For a CPE, the exponent α is  

an empirical constant less than one. The double layer capacitor on real cells often 

behaves like a CPE instead of like a capacitor.  

 

2.10.6 Warburg Impedance (Zw) 

Diffusion can create impedance known as the Warburg impedance. This 

impedance depends on the frequency of the potential perturbation. At high 

frequencies the Warburg impedance is small since diffusing reactants don't have to 

move very far. At low frequencies the reactants have to diffuse farther, thereby 

increasing the Warburg impedance. If the diffusion layer is bounded within a thin 

slice of solution or a thin slice of material, the Warburg impedance is the Bounded 

Warburg, having the form (Common examples are electric double layer capacitors): 

 
Zw = Z0 (jω)-1/2 coth [B(jω)1/2] 

D
B

DACF
RTZ

s

σ
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Where B and Z0 are the Warburg factors, D is the diffusion coefficient of the ion 

in the electrolyte, σ is the Nernst diffuse layer thickness, n is the valency of the ion,  

F is the Faraday constant, A is the area of the electrode and Cs is the concentration of 

the electrolyte on the surface of the electrode, which can be replaced by the bulk 

concentration of the electrolyte, because of the reversible formation process of  

the electric double layer. 
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2.11 Characterization of Titanium Dioxide 

2.11.1 X-ray Powder Diffraction (XRD) 

X-ray powder diffraction (XRD) is an instrumental technique used to identify 

minerals, as well as other crystalline materials. XRD is a technique in which  

a collimated beams of nearly monochromatic. X-rays is directed onto the flat surface 

of a relatively thin layer of finely ground material. XRD can provide additional 

information beyond basic identification. If the sample is a mixture, XRD data can be 

analyzed to determine the proportion of the different minerals present. Other 

information obtained can include the degree of crystallinity of the minerals present, 

possible deviations of the minerals from their ideal compositions, the structural state 

of the minerals and the degree of hydration for minerals that contain water in their 

structure. Figure 2.4 shows a monochromatic beam of X-ray incident on the surface of 

crystal at an angleθ. The scattered intensity can be measured as a function of 

scattering angle 2θ. The resulting XRD pattern efficiently determines the different 

phases present in the sample. 

 

 

 

 

 

 

 

 

 

Figure 2.4 Diffraction of X-ray by regular planes of atoms. 

 

 Using this method, Braggs’ law is able to determine the interplanar spacing of 

the samples, from diffraction peak according to Bragg angle. 

AB  =  BC  =  d sinθ 

AB+BC  =  2d sinθ 

nλ   =   2 d sinθ   
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 Where the integer n is the order of the diffracted beam, λ is the wavelength; d is 

the distance between adjacent planes of atoms (the d-spacings) and θ is the angle of 

between the incident beam and these planes.   

 

2.11.2 Scanning Electron Microscope (SEM) 

 The scanning electron microscope (SEM) has unique capabilities for analyzing 

surfaces and morphology of materials. It is analogous to the reflected light microscope, 

although different radiation sources serve to produce the required illumination. Whereas  

the reflected light microscope forms an image from light reflected from a sample surface,  

the SEM uses electrons for image formation. The different wavelength of these radiation 

sources result in different resolution levels: electron have much shorter wavelength than 

light photons, and shorter wavelength are capable of generating the higher resolution 

information. Enhanced resolution in turn permits higher magnification without loss of 

detail. The maximum magnification of the light microscope is about 2,000 times; beyond 

this level is “empty magnification”, or the point where increased magnification does not 

provide additional information. This upper magnification limit is a function of  

the wavelength of visible light, 2000 Å, which equal the theoretical maximum resolution 

of conventional light microscope. In comparison, the wavelength of electron is less than 

0.5 Å, and theoretically the maximum magnification of electron beam instrument is 

beyond 800,000 times. Because of instrumental parameters, practical magnification and 

resolution limits are about 75,000 times and 40 Å in a conventional SEM. The SEM 

consists basically of four systems:  

1. The illuminating/imaging system produces the electron beam and directs it 

onto the sample. 

2. The information system includes the data released by the sample during 

electron bombardment and detectors which discriminate among analyze 

these information signals. 

3. The display system consists of one or two cathode-ray tubes for observing 

and photographing the surface of interest. 

4. The vacuum system removes gases from the microscope column which 

increase the mean free path of electron, hence the better image quality. 
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2.11.3 Nitrogen Adsorption-Desorption Isotherm [83] 

 The N2 adsorption technique is used to determine the physical properties of 

mesoporous molecular sieves, such as the surface area, pore volume, pore diameter 

and pore-size distribution of porous materials.  

 Adsorption of gas by a porous material is described by an adsorption isotherm, 

the amount of adsorbed gas by the material at a fixed temperature as a function of 

pressure. Porous materials are frequently characterized in terms of pore sizes derived 

from gas sorption data. IUPAC conventions have been proposed for classifying pore 

sizes and gas sorption isotherms that reflect the relationship between porosity and 

sorption. The IUPAC classification of adsorption isotherms is illustrated in Figure 2.5. 

Six types of isotherms are characteristic of adsorbents that are microporous (type I), 

nonporous or macroporous (types II, III, and VI) or mesoporous (types IV and V). 

 

II

B

I III

V VIIV

B

 

Figure 2.5 The IUPAC classification of adsorption isotherm. 

 

 Adsorption isotherms are described as shown in Table 2.2 based on the strength 

of the interaction between the sample surface and gas adsorbate, and the existence or 

absence of pores. Pore types are classified as shown in Table 2.3. 

Pore size distribution is measured by the use of nitrogen adsorption/desorption 

isotherm at liquid nitrogen temperature and relative pressures (P/Po) ranging from 

0.05-0.1. The large uptake of nitrogen at low P/Po indicates filling of the micropores 

(<20 Å) in the adsorbent. The linear portion of the curve represents multilayer 

adsorption of nitrogen on the surface of the sample, and the concave upward portion 

of the curve represents filling of mesopores and macropores.  
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Table 2.2 Features of adsorption isotherms 

Features 

Type Interaction between sample 

surface and gas adsorbate 
Porosity 

I Relatively strong Micropores 

II Relatively strong Nonporous 

III Weak Nonporous 

IV Relatively strong Mesopore 

V Weak Micropores or Mesopore 

VI 
Relatively strong sample surface 

has an even distribution of energy 
Nonporous 

. 

Table 2.3 IUPAC classification of pores  

Pore Type Pore diameter (nm) 

Micropore Up to 2 

Mesopore 2 to 50 

Macropore 50 to up 

 

The multipoint Brunauer, Emmett and Teller (BET) method is commonly used 

to measure total surface area. 

 1
W[(Po/P)-1]

=
1

W mC
+ C-1

WmC
(P/Po)

 

Where W is the weight of nitrogen adsorbed at a given P/Po, and Wm is  

the weight of gas to give monolayer coverage, and C is a constant that is related to  

the heat of adsorption. A linear relationship between 1/W [(Po/P)-1] and P/Po is 

required to obtain the quantity of nitrogen adsorbed. This linear portion of the curve  

is restricted to a limited portion of the isotherm, generally between 0.05-0.30.  

The slope and intercept are used to determine the quantity of nitrogen adsorbed in the 

monolayer and calculate the surface area. For a single point method, the intercept is 

taken as zero or a small positive value, and the slope from the BET plot is used to 

calculate the surface area. The surface area reported depends upon the method used, 

as well as the partial pressures at which the data are collected. 
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2.11.4 Cyclic Voltammetry (CV) [84-86] 

Cyclic voltammetry (CV) is very useful electroanalytical technique in many areas of 

chemistry. It is rarely used for quantitative determinations, but it is widely used for 

studying the machanisms and reversibility of electrode processes. This technique is 

based on varying the applied potential at a working electrode in both forward and 

reverse direction while monitoring the current. For example, the initial scan could be 

in the negative direction to the switching potential. At that point the scan would be 

reversed and run in the positive direction. Depending on the analysis, one full cycle,  

a partial cycle, or a series of cycles can be performed. Some potential waveforms used 

in cyclic voltammetry are illustrated in Figure 2.6. 

            

 

 

 

 

 

 

 
 
 
 
 
Figure 2.6 Some potential waveforms used in cyclic voltammetry. 
 

The resulting plot of current vs. potential is termed a cyclic voltamogram.  

The cyclic voltammogram can be very simple as shown in Figure 2.7 for  

the reversible redox system. The important parameters in a cyclic voltammogram are 

the peak potentials (Epc, Epa) and peak currents (ipc, ipa) of the cathodic and anodic 

peaks, respectively. If the electron transfer process is fast compared with other 

processes (such as diffusion), the reaction is said to be electrochemically reversible. 

The cuurent-voltage cycle illustrated in figure 2.7 for the reversible electrode process 

is obtained when the reaction products, formed during the forward scan as a result of 
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the electrode reaction that gives rise to the peak at Epc, are oxidized on the reverse 

scan as shown by the peak at Epa.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Cyclic voltammogram for a reversible. 

The peak current for a reversible couple (at 25 °C) is given by the Randles–

Sevcik equation: 

ip    =    2.686 × 105 n3/2 A c D1/2 ν1/2 

 

where ip is the peak current (amps), n is the number of electrons, A is the electrode 

area (cm2), c is the concentration (mol cm−3), D is the diffusion coefficient (cm2 s−1), 

and ν is the potential scan rate (V s−1) 

The separation between the peak potential is given by 

ΔEp = |Epa – Epc|  = 2.303 RT / nF 

 

Thus, for a reversible reaction at 25 °C with n electrons, ΔEp should be 0.0592/n 

V or about 60 mV for one electron. In practice this value is difficult to attain because 

of such factors as cell resistance. Irreversibility due to a slow electron transfer rate 

results in ΔEp > 0.0592/n V. 

For a totally irreversible process, that is one in which the electrode reaction 

products cannot be oxidized back to the initial analyte because kox is extreamely small 

or because they have undergone a subsequent inreversible chemical change to 

compounds that are not electroactive, no anodic current peak is observed. Because of 
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the dynamic nature of voltage-sweep voltammetry, irreversible processes give  

an expression foe the peak current distinctly different from those of reversible 

systems: 

ip    =    2.99 × 105 n (α na)1/2 A c D1/2 ν1/2          at 25°C 

 

where na represents the number of electrons in the rate-controlling step and α is  

the transfer coefficient (normally with a value between 0.3 and 0.7). The latter two 

quantities can be evaluated by taking the difference between the peak potential and 

half-peak potential: 

Ep – Ep/2  =  -0.048 / (α na)          at 25°C 

 

An alternative approach is to scan the voltammogram at two different rates. Under 

these condition α and na may be evaluated by the expression 

(Ep)2 – (Ep)1  =  
2

1ln
ν
ν

α Fn
RT

a

     at 25°C 

 

2.11.5 Electrochemical Impedance Spectroscopy (EIS) [87] 

An equivalent circuit model with mixed kinetic and charge transfer control is 

assumed as shown in Figure 2.8, where Rs is the series solution resistance, Rp is  

the polarization impedance, W is the Bounded Warburg impedance, and the constant 

phase element (CPE) is used instead of a double layer capacitor, as capacitors in EIS 

experiments often do not behave ideally. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Equivalent circuit models with mixed kinetic and charge transfer control. 
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Figure 2.9 Typical Nyquist plot for a cell with mixed kinetic and charge transfer. 
 

The Nyquist plot for such a model is shown in Figure 2.9, for a cell with mixed 

kinetic and charge transfer control, the Nyquist plot can be divided into three parts, in 

terms of frequencies. The semicircle is related to charge transfer resistance or 

polarization resistance (Rp). The intercept of the semicircle at the left of the real axis 

is the solution resistance (Rs), and the intercept at the right of the real axis is the sum 

of the polarization resistance and the solution resistance. The diameter of  

the semicircle is therefore equal to the polarization resistance. The straight line with  

a slope of 45º is related to the Warburg impedance created by the diffusion of 

electrolyte ions within pores of electrochemical capacitor electrodes. The vertical line 

to the real axis is caused by purely capacitive behavior. 

 
 
 



 
 

CHAPTER III 

EXPERIMENTAL 

 
3.1 Instruments and Apparatus 

 Rotary Evaporator 

 After the bamboo powder or carbon was impregnated with a solution of titanium 

tetraisopropoxide in 2-propanol, the alcohol was removed from the solid sample using 

a BUCHI R-114 rotary evaporator above room temperature. 

 

 Ovens and Tube Furnaces 

TiO2 impregnated samples were normally dried at the temperature of 105°C in  

a Memmert UM-500 oven. Thermal treatment of the dried impregnated samples  

were carried out in a 15 cm long quartz boat and put into a 72 cm long quartz tube  

reactor (2 cm in inner diameter) with a temperature-programmable controller.  

 

 

Tube Furnace 

Sample 

Quartz tube 

Thermocouple 

N2 

Quartz boat 

Figure 3.1 Drawing of the system used for thermal treatment. 

 

 



 34

X-ray Powder Diffractrometer (XRD) 

The X-ray powder diffractometer was used for investigation of the structure and 

crystal size of TiO2. X-ray diffraction (XRD) patterns of the TiO2/C and TiO2/AC 

composites were obtained with a Rigaku Dmax 2200 Utima Plus X-ray powder 

diffractrometer with a monochromater and CU Kα radiation (40 kv. 30 mA). The 2-

theta angle was ranged from 20 to 60 degree with scan speed of 3 degree/min and 

sampling width of 0.02 degree. The scattering slit, divergent slit and receiving slit 

were fixed at 0.5 degree, 0.5 degree, and 0.3 mm, respectively. The measured 

diffractograms were analyzed using MDI software (Jade6.5) and the TiO2 crystal size 

was calculated from the Scherrer equation. 

 

Nitrogen Adsorptometer 

Characterization of sample porosity in terms of nitrogen adsorption-desorption 

isotherms, BET specific surface area, and pore size distribution of the composite was 

carried out using a BEL Japan, BELSORP-mini instrument. The samples were 

outgassed at 400°C for 3 h before the surface area measurements. 

 

Scanning Electron Microscope (SEM) 

JEOL JSM-6480LV scanning electron microscope was used for the 

identification of the surface morphology and particle size of the synthesized TiO2/C 

and TiO2/AC composites. All samples were coated with sputtering gold under vacuum 

prior to the SEM measurements. 

 

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical characterization by cyclic voltammetry and impedance spectroscopy 

were used in order to understand the electrochemical behavior of the composite 

electrodes performed with a computer-controlled potentiostat (Autolab PGSTAT 30) 

using a conventional three-electrode cell, including a composite electrode as the 

working electrode, 3 M KCl-Ag/AgCl as the reference electrode, and platinum wire as 

the counter electrode. Cyclic voltammetric measurements were carried out in the 

potential range of 0.5 to 1 V at scan rate 0.01 V/s. Electrochemical impedance 

analysis was performed by an impedance analyzer (Autolab PGSTAT 30 with FRA 
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software) in the frequency range of 10 kHz to 0.1 Hz with an AC signal of  

10 mV amplitude. All the electrochemical measurements were performed in 1 M 

H2SO4 aqueous solution as electrolyte. 

 

3.2 Materials, Chemicals and Gases 

1. Waste bamboo based chopsticks (100 mesh,<150 µm) 

2. Titanium tetraisopropoxide, TTIP (Fluka) 

3. 2-Propanol, C3H7OH (Carlo Erba reagents) 

4. Phosphoric acid, H3PO4 (Merck) 

5. Ethanol, C2H5OH (Merck) 

6. Sulfuric acid 95-97%, H2SO4 (Merck) 

7. Nitrogen gas, N2 (Thai Industrial Gases (TIG), highly pure grade) 

 

3.3 Preparation of the Porous Carbon from Bamboo Waste as a Support 

The carbon precursor used in the study was waste bamboo based chopsticks, a bio-

waste product procured from the restaurant. The waste chopsticks were washed  

thoroughly and dried in sunshine before chopped and blended into powder before sifted 

through a 100 mesh sieve. The bamboo powder was dried at 100°C to reduce the moisture. 

 

3.3.1 Preparation of the Carbon 

The bamboo powder was carbonized at 500°C for 2 h with the heating rate of 

10°C/min in a quartz tube reactor and this reactor was flowed with 500 ml/min of 

nitrogen. The bamboo powder was carbonized in the tube furnace. Then the carbon 

was obtained. 

 

3.3.2 Preparation of the Activated Carbon 

The activation of carbon was carried out from a procedure reported in the 

literature [68]. The bamboo powder was impregnated with a phosphoric acid solution 

for 1 h at room temperature to allow penetration of acid into the wood structure. The 

weight ratio of H3PO4 to bamboo powder on an as-received basis was 1.45 (1.45 g 

phosphoric acid: 1 g bamboo powder). At this ratio of reagent to bamboo powder, the 

amount of reagent is considered to be in excess. The mixture was heated slowly to 
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170°C for 2 h in a quartz tube reactor, under flowing nitrogen, held for 30 min, and 

then to a final temperature of 500°C and held for 1 h. The heating program is 

illustrated in scheme 3.1. The solid product was leached with distilled water to the pH 

of 6 and dried in an oven at 105°C for 24 h. Then the activated carbon was obtained. 

The whole procedure was summarized in scheme 3.2. 

2 h

10 min 

Rate 10ºC/min

30 min
170°C

500°C
1 h

RT

 

Scheme 3.1 A heating program of the preparation of activated carbon. 

 

1. Leached with distilled water to  
    the pH of 6 
2. Dried in an oven at 105°C for  
    24 h 

Mixture 

Impregnated with H3PO4 
for 1 h at room temperature 

Heated slowly to 170°C for 2 h 
held for 30 min and then to 
500°C, held for 1 h 

Activated carbon 

Solid 

Bamboo powder 

Scheme 3.2 Schematic diagram of the preparation of activated carbon. 
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3.4 Preparation of the TiO2/C and TiO2/AC Composites 

We are proposing a novel method for preparing the TiO2/carbon and 

TiO2/activated carbon composite. A novel method (Method A) was compared with  

a conventional method (Method B) [47] and effect of carbonization temperature on 

formation of anatase structure was studied. In the present work, titanium 

tetraisopropoxide (TTIP) was used as titanium source.  

 
3.4.1 Method A (The Novel Method): TTIP Impregnation Before Carbonization 

(Using Bamboo Powder) 

► Synthesis of TiO2/C (Sample Notation: A1) 

The bamboo powder was impregnated with a solution of titanium 

tetraisopropoxide in 2-propanol for 15 h. The alcohol was evaporated from the solid 

sample using a rotary evaporator above room temperature and dried in an oven at 

105°C for 8 h in air. The impregnated sample was carbonized in a quartz tube reactor 

under N2 flow at different temperatures of 500, 600, and 700°C for 2 h with  

the heating rate of 10°C/min. The TiO2/C composites obtained were denoted as A1. 

► Synthesis of TiO2/AC (Sample Notation: A2) 

The composite A1 was impregnated with phosphoric acid solution for 1 h at 

room temperature. The mixture was activated by heating at 500°C and the solid 

products were leached with distilled water to the pH of 6 and dried in an oven at 

105°C for 24 h before further characterization. The TiO2/AC composites obtained 

were denoted as A2. 

 

3.4.2 Method B (The Conventional Method): TTIP Impregnation After Carbonization 

(Using Bamboo Based Carbon) 

► Synthesis of TiO2/C (Sample Notation: B1) 

The carbon was first prepared following the procedure in section 3.3.1 and 

impregnated with a solution of titanium tetraisopropoxide in 2-propanol for 15 h.  

The alcohol was evaporated from the solid sample using a rotary evaporator above room 

temperature and dried in an oven at 105°C for 8 h in air. Finally, the impregnated sample 

was calcined in a quartz tube reactor under N2 flow at different temperatures of 500, 600, 

and 700°C for 2 h with the heating rate of 10°C/min to convert TTIP to TiO2. The TiO2/C 

composites obtained were denoted as B1. 
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► Synthesis of TiO2/AC (Sample Notation: B2) 

The activated carbon was first prepared following the procedure in section 3.3.2  

and impregnated with a solution of titanium tetraisopropoxide in 2-propanol for 15 h.  

The alcohol was evaporated from the solid sample using a rotary evaporator above room 

temperature and dried in an oven at 105°C for 8 h in air. Finally, the impregnated sample 

was calcined in a quartz tube reactor under N2 flow at different temperatures of 500, 600, 

and 700°C for 2 h with the heating rate of 10°C/min to convert TTIP to TiO2.  

The TiO2/AC composites obtained were denoted as B2.  

All prepared composites were grinded and stored in a desiccator before use. 

 

 

Bamboo powder + TTIP in 2-propanol 

Mixture 

Solid 

TiO2/C composite (A1) 

Evaporated in a rotary evaporator 

1. Dried in an oven at 105°C for 8 h  
2. Carbonized under N2 at 500,      
    600, or 700°C 
 

Chemically activated by H3PO4 

Method A: Using bamboo powder 

TiO2/AC composite (A2) 

Scheme 3.3 Schematic diagram of the synthesis procedure for Method A. 
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Mixture 

Solid 

TiO2/C composite (B1) 

Evaporated in a rotary evaporator 

1. Dried in an oven at 105°C for 8 h  
2. Calcined under N2 at 500,      
    600, or 700°C 
 

C + TTIP in 2-propanol AC + TTIP in 2-propanol 

TiO2/AC composite (B2) 

Method B: Using bamboo-based carbon 

Scheme 3.4 Schematic diagram of the synthesis procedure for Method B. 

 

3.5 Preparation of Bulk TiO2 

For a reference, non-loaded carbon was also prepared. The unsupported bulk 

TiO2 was prepared as a reference under N2 similar to the preparation of the composite 

but without bamboo powder or carbon or activated carbon. 

 

3.6 Preparation of A1, A2, B1, B2 Composites with Various Amounts of TiO2 in 

Composite 

In order to study the effect of TiO2 amounts in the composite on the capacitive 

performance of the composite electrode, all the composite samples were synthesized 

in similar way as described in Section 3.4 with various amounts of TiO2 of 10, 20, 30, 

40 wt% in the composite. The carbonization temperature of 500°C was used. 
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3.7 Preparation of the Sample Electrodes 

The sample electrodes were prepared by mixing 80 wt% composite samples with 

20 wt% binder (polyvinylidene fluoride, PVDF) and then sonicated in ethanol for 1 h 

to form homogenous slurries. Finally, the platinum electrodes were coated with  

the slurries and dried in the air at 100°C. The sample electrodes were used as the 

working electrode.  

 

 

Slurry sample 

1. Coated on the platinum electrode 

Working electrode 

2. Dried in air at 100ºC 

1. Ethanol added 
2. Sonicated for 1 h  

Sample (80 wt%) + PVDF (20 wt%)    

Scheme 3.5 Schematic diagram of the preparation of the sample electrodes. 



 
 

CHAPTER IV 

RESULTS AND DISCUSSION 

 
4.1 Effect of Preparation Methods and Carbonization Temperature on 

Composite Properties 

4.1.1 XRD Patterns 

XRD patterns of TiO2/C composites prepared by Methods A1 and A2 at various 

carbonization temperatures of 500, 600, and 700°C are shown in Figures 4.1 and 4.2, 

respectively. They are similar to the typical XRD pattern of anatase with the characteristic 

peaks at 2θ of 25.3, 37.0, 37.8, 38.5, 48.0, 53.9, and 55.0 degrees. XRD patterns of 

TiO2/C composites (B1) and TiO2/AC composites (B2) prepared by Method B are 

shown in Figures 4.3 and 4.4, respectively. The broadening of XRD peaks of A1 and A2 

are due to the extremely small crystals compared to those of B1 and B2 samples. 

Anatase-type TiO2 was readily formed in all composites. The anatase phase obtained 

was very stable even at 700°C and no rutile phase was observed for all preparation 

methods. This is different from anatase prepared by other methods [41, 49] that TiO2 

normally undergoes anatase-to-rutile phase transformation in the temperature range 

between 600 and 700°C and anatase is completely converted to rutile above 700°C.  

It indicates that carbon can obviously stabilize the nano-anatase phase up to 

700°C. Thus, the unsupported bulk anatase prepared by sol-gel method which was  

the conventional method is not thermally stable and it can be transformed easily to 

rutile upon heating. The nanocrystals of anatase prepared by sol-gel method were 

found much less stable, only up to about 300°C [51]. The crystal titanium 

pyrophosphate (TiP2O7) phase was found in the composites synthesized by Method 

A2 because this method was performed through phosphoric acid treatment followed 

by heating. Some researchers Z. Shi et al. [88] reported preparation of titanium 

pyrophosphate at the carbonization temperature as high as 800°C and this phase has 

excellent thermal stability and good cyclic voltammetric performance. This is a reason 

why the H3PO4 treatment was also attempted in this work. 
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Figure 4.1 XRD patterns of TiO2/C composites prepared by Method A1 at various 

carbonization temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 

20 25 30 35 40 45 50 55 60
2Theta (degree)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Anatase ( ), TiP2O7 ( )

(a) 500oC

(b) 600oC

(c) 700oC

TTIP impregnation before carbonization (A2)

200 cps

 

Figure 4.2 XRD patterns of TiO2/C composites prepared by Method A2 at various 

carbonization temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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Figure 4.3 XRD patterns of TiO2/C composites prepared by Method B1 at various 

carbonization temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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Figure 4.4 XRD patterns of TiO2/AC composites prepared by Method B2 at various 

carbonization temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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Figure 4.5 shows the XRD patterns of the unsupported bulk TiO2 prepared under 

N2 similar to the preparation of the composites but without carbon or activated carbon 

as a support. All unsupported TiO2 samples calcined at 500, 600, and 700°C are 

crystalline and at all calcination temperatures both anatase and rutile phase were 

found. The characteristic XRD peaks of rutile phase at 2θ are 27.4, 36.0, 39.2, 41.2, 

54.3 and 56.6 degrees. At the lowest calcination temperature of 500°C, the rutile phase 

of TiO2 was still found. At higher calcination temperatures than 500°C, the amount of 

rutile formed was larger. It reveals that the unsupported bulk anatase TiO2 was found 

low thermally stable and readily to convert to rutile TiO2. 
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Figure 4.5 XRD patterns of the unsupported TiO2 (TiO2 100%) prepared under N2 at 

various calcination temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 

 

In addition, L. Kőrösi and I. Dékány [51] studied the effect of phosphates on 

improving thermal stability of TiO2 but rutile phase in the composite was still 

observed at 700°C. All composites prepared by our proposed method are very stable 

even at 700°C with no observation of rutile phase. Thus, carbon from bamboo can 

obviously stabilize the anatase phase up to 700°C and increase thermal stability of 

anatase phase. This novel method A can reduce the preparation steps because during 

carbonization of bamboo powder, crystalline anatase structure was developed 
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simultaneously with formation of porous structure of carbon from bamboo powder. 

Thus, carbon formed during carbonization of bamboo powder seemed to suppress  

the phase transformation from anatase to rutile and increased thermal stability.  

The relative peak width of anatase in the composites was summarized in Table 4.1. 

Based on the XRD results, the crystallite grain size was estimated according to  

Scherrer formula:  

θβ
λ

cos
KL =  

Where L is the crystal size, K is a constant taken as 0.89, λ is the wavelength of  

the X-ray radiation, β is the difference in line width at half-maximum height of the sample 

peak and the reference peak, θ is the diffracting angle [48]. Thus, the crystal size is 

inversely proportional to a width at half height of a sample peak.  

 

Table 4.1 Relative peak width at half height for anatase crystals in the composites 

obtained from different preparation methods at various carbonization 

temperatures of 500, 600, and 700°C 

*Based on the most intense characteristic peak at 2θ of 25.3° 

 
Conditions 

 
Relative peak width at half height*(degree) 

 
Carbonization temperature 500°C 600°C 700°C 
Method A: TTIP impregnation 
before carbonization 
-  TiO2/C     (A1) 
-  TiO2/C     (A2) 

 
 

0.66 
0.42 

 
 

0.58 
0.43 

 
 

0.67 
0.51 

Method B: TTIP impregnation after 
carbonization 
-  TiO2/C      (B1) 
-  TiO2/AC   (B2) 

 
 

0.25 
0.23 

 
 

0.33 
0.53 

 
 

0.23 
0.28 

Bulk TiO2  0.25 0.22 0.23 

The novel method A provides the most broadened peak that implies the smallest 

crystals size which is almost one half of those prepared by the conventional method B. For 

the unsupported anatase prepared by sol-gel method, the crystal size of anatase is also 

larger than those from Method A but as large as those from Method B. It indicates that 

our proposed method A, TTIP impregnation before carbonization, provides much 

smaller crystal size range than the conventional method B, TTIP impregnation after 
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carbonization and the sol-gel method. For the composites from Method A2 treated by 

phosphoric acid, the crystal sizes slightly increased. This may be resulted by  

a chemical activation inside the composite during calcination, thus leading to  

the agglomeration of TiO2 and the increase in the crystal size. 

 

4.1.2 Nitrogen Adsorption   

The nitrogen adsorption isotherms of the TiO2/C and TiO2/AC composites 

prepared by the novel method A and the conventional method B at various 

carbonization temperatures of 500, 600, and 700°C are illustrated in Figures 4.6-4.9. 

All samples exhibit the type I adsorption isotherm which is the typical isotherm of  

a microporous material [83]. Each isotherm exhibits three different adsorption zones 

which are typical of microporosity of carbon. The first zone, adsorption at very low 

pressure corresponds to the nitrogen adsorption in the micropore system. At the medium 

partial pressure, the second zone is created by the saturation of nitrogen adsorption in 

the micropores or so-called internal surface. At high relative pressure (P/P0 > 0.8),  

the third one rises steeply due to the nitrogen adsorption on the external surface. 

Figure 4.6 presents the adsorption isotherms of the TiO2/C composites prepared by 

Method A1 and all isotherms are not superimposed with each other. There are some 

differences in nitrogen isotherms of the three samples obtained from the three temperatures. 

The isotherm of the composite sample at the carbonization temperature of 700 °C shows 

little higher absorbed amount of nitrogen than other samples while the isotherms of  

the samples at carbonization temperatures of 600 and 500°C give smaller absorbed 

amounts of nitrogen, respectively. The adsorption isotherms of the TiO2/C composites 

prepared by Method A2 are shown in Figure 4.7 and also presented the typical 

isotherm type of micropore. The adsorption isotherms from the three temperatures are 

slightly different and the isotherm of the composite sample at the carbonization 

temperature of 600 °C shows relatively higher absorbed amount of nitrogen than 700 

and 500°C, respectively. It is similar to the adsorption isotherms of the composites 

prepared by Method B1 in Figure 4.8. However, the adsorption isotherms for those 

methods are not significantly different. In contrast, the adsorption isotherm for 

Method B2 in Figure 4.9 is obviously different from those for other three methods. 

The plateau shows larger absorbed amount of nitrogen than other methods. It is due to 

extremely high surface area of the composite prepared by Method B2. 
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Figure 4.6 The N2 adsorption isotherms of TiO2/C composites prepared by Method A1 

at various carbonization temperatures of 500, 600, and 700°C. 
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Figure 4.7 The N2 adsorption isotherms of TiO2/C composites prepared by Method A2 

at various carbonization temperatures of 500, 600, and 700°C. 
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Figure 4.8 The N2 adsorption isotherms of TiO2/C composites prepared by Method B1 

at various carbonization temperatures of 500, 600, and 700°C. 
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Figure 4.9 The N2 adsorption isotherms of TiO2/AC composites prepared by 

Method B2 at various carbonization temperatures of 500, 600, and 700°C. 
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Table 4.2 shows textural properties of TiO2/C and TiO2/AC composites obtained 

from different preparation methods at various carbonization temperatures. There is no 

significant difference among them in either BET specific surface area or external 

specific surface area except for the B2 Method providing extremely high specific 

surface areas at all temperatures. It is resulted from the activated carbon readily 

formed by Methods B2. It indicated that the chemical activation of carbon in  

the presence of TiO2 is more difficult than the chemical activation of carbon without 

TiO2. For methods A1, A2 and B1, the carbon was still not activated. 

In addition, the formation of TiP2O7 must consume some H3PO4 especially at 

700°C, thus this composite reduce the chance of carbon to react with H3PO4 to yield 

activated carbon. This is in agreement with the XRD result. Considering the effect of 

carbonization temperature on the specific surface area, it is obvious that the higher 

carbonization temperature the higher BET specific surface area was obtained. After 

H3PO4 treatment, the specific surface area was increased especially for the sample 

carbonized at 500°C. Surprisingly the BET specific surface area of the sample 

carbonized at 700°C decreased due to the formation of TiP2O7 have larger particle 

than TiO2, and resulted in less space in the porous composite. 

 

Table 4.2 Textural properties of composites obtained from different preparation 

methods at various carbonization temperatures of 500, 600, and 700°C 

a Specific surface area determined by application of the BET-plot method 

Samples S BET a   
(m2/g) 

dp 
b       

(nm) 
Sext c  

(m2/g) 
Vmicro c 
(cm3/g) 

A1-500 
A1-600 
A1-700 

135 
227 
259 

0.8 
0.6 
0.6 

9 
11 
13 

0.0521 
0.0880 
0.1016 

A2-500 
A2-600 
A2-700 

174 
231 
208 

0.7 
0.6 
0.6 

35 
29 
30 

0.0584 
0.0848 
0.0715 

B1-500 
B1-600 
B1-700 

190 
229 
212 

0.6 
0.6 
0.6 

22 
18 
12 

0.0689 
0.0844 
0.0799 

B2-500 
B2-600 
B2-700 

711 
680 
661 

1.0 
1.0 
1.0 

174 
170 
134 

0.2610 
0.2565 
0.2504 

b Micropore size determined by application of the MP-plot method 
c External surface area and micropore volume determined by application of the t-plot 

method 
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4.1.3 SEM Images 

SEM images of the unsupported TiO2 (TiO2 100%) prepared under N2 at  

the calcination temperatures of 500, 600, and 700°C are shown in Figure 4.10. For bulk 

TiO2, the aggregation of TiO2 crystallites was significant and SEM images exhibit  

the aggregation of TiO2 crystallites with a large size of approximately 10-40 μm. Both 

particle size and shape are not uniform. It is obvious that the properties of TiO2 samples 

synthesized without carbon at the three carbonization temperatures are not different in terms 

of crystal morphology. 

 (a) (b) 

 

 

 

 

 

 
(c) 

 

 

 

 

 

 

Figure 4.10 SEM images of the unsupported TiO2 (TiO2 100%) at various calcination 

temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. All images are taken 

at a magnification of 500x. 

 

SEM images of TiO2/C composite prepared by Method A1 at carbonization 

temperatures of 500, 600, and 700°C show very small particles in Figure 4.11. It was 

observed that the TiO2/C composites contain fine TiO2 particles of approximately  

70-100 nm distributed uniformly on the supported carbon surface. It agrees with XRD 

results that our proposed method, TTIP impregnation before carbonization, provides 

much small particle size because crystal growth was restricted by the microporous 

structures of carbon. For the TiO2/C composite from Method A2 treated by 
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phosphoric acid, the particle sizes were not well distributed as obtained from method 

A1 and agglomeration was obviously observed as shown in Figure 4.12.  

 (a) (b) 
 

 

 

 
 
 
 (c) 
 
 
 
 
 
 
 
 
Figure 4.11 SEM images of TiO2/C composites prepared by Method A1 at various 

carbonization temperatures of (a) 500°C, (b) 600°C at a magnification of 

80,000x, and (c) 700°C at a magnification of 50,000x. 

 
(a) (b) 

 

 

 

 

 

 
(c)  

 

 

 

 

 

Figure 4.12 SEM images of TiO2/C composites prepared by Method A2 at various 

carbonization temperatures of (a) 500°C, (b) 600°C at a magnification of  

80,000x, and (c) 700°C at a magnification of 20,000x. 
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Figures 4.13 and 4.14 show TiO2/C and TiO2/AC composites at various 

carbonization temperatures of 500, 600, and 700°C prepared by Methods B1 and B2, 

respectively. It is clear that for the composites by the conventional method present 

significantly larger particles than those with the novel method and show non-uniform 

distribution of TiO2. SEM images indicated uneven distribution of TiO2 like a bulk on 

the carbon surface. It is revealed that TiO2 particles from the conventional method B 

preferred the location outside or on the carbon surface while TiO2 particles from  

the novel method A preferred the site underneath the carbon surface. 

 

 

(c) 

(b) (a) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 SEM images of TiO2/C composites prepared by Method B1 at various 

carbonization temperatures of (a) 500°C, (b) 600°C (c) 700°C. All images 

are taken at a magnification of 10,000x. 
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(c) 

(b) (a) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 SEM images of TiO2/AC composites prepared by Method B2 at various 

carbonization temperatures of (a) 500°C, (b) 600°C (c) 700°C. All images 

are taken at a magnification of 10,000x. 

 

4.1.4 Electrochemical Properties 

The capacitative behavior of these nanocrystalline composite electrodes has 

been studied using cyclic voltammetry, and electrochemical impedance spectroscopy 

measurements, and the results have been compared with those of carbon, activated 

carbon, and pure TiO2 electrodes. 

 

4.1.4.1 Cyclic Voltammograms 

The cyclic voltammograms of the different electrode materials at a scan rate of 

0.01 V/s are shown in Figures 4.15-4.20. Voltammetric testing was carried out at 

potentials between 0.5 and 1.0 V. The cylic voltammograms of the carbon and  

the activated carbon electrode in Figures 4.15(a) and 4.15(b) present the typical 

rectangular like curve, expected for an ideal capacitor. This appearance shows  

the capacitive behavior of the electric double layer capacitor electrodes. Curves are 

symmetric for both carbon and activated carbon electrodes, which may be due to  

the capacitance arising solely due to the double layer. For porous carbon electrodes, it 
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is well known that the capacitance and the non-Faradaic current of carbon electrode 

increase by activation of the carbon. The activated carbon electrode has better 

conductivity than the unactivated carbon electrode because higher surface area of  

the activated carbon promotes the electric double layer capacitor or supercapacitor 

that can store high energy, so-called high energy density. 

0.5 0.6 0.7 0.8 0.9 1.0

 

Figure 4.15 Cyclic voltammograms of (a) carbon (b) activated carbon electrodes in  

1 M H2SO4. 

 

Metal oxide/carbon electrodes such as TiO2/C or TiO2/AC electrodes as shown in 

Figures 4.16-4.19 provided the lack of symmetry to the curves due to combination of 

double layer and pseudo capacitances contributing to the total capacitance. The area of 

these curves also increased with TiO2 functionalization, indicating an enhancement of the 

specific capacitance for those electrodes. Figure 4.20 shows cyclic voltammograms of the 

unsupported bulk TiO2 (pure TiO2) electrodes at a scan rate of 0.01 V/s which presents the 

typical rectangular similar to those of the composites. However, the average current is 
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rather lower than others. For all sample electrodes obtained from different preparation 

methods, the average current at the carbonization temperature of 500°C is higher than those 

at 600 and 700°C, respectively as shown in the Table 4.3. 

Figure 4.16 Cyclic voltammograms of TiO2/C composite electrodes prepared by 

Method A1 at various carbonization temperatures of (a) 500°C, (b) 600°C, 

and (c) 700°C in 1 M H2SO4. 

 

0.5 0.6 0.7 0.8 0.9 1.0
-4.0x10-6

-2.0x10-6

0.0

2.0x10-6

4.0x10-6

6.0x10-6

i/A

E/V

(b) 

0.5 0.6 0.7 0.8 0.9 1.0
-6.0x10-6

-3.0x10-6

0.0

3.0x10-6

6.0x10-6

9.0x10-6

1.2x10-5

1.5x10-5

i/A

E/V

(a) 

0.5 0.6 0.7 0.8 0.9 1.0
-2.0x10-6

-1.5x10-6

-1.0x10-6

-5.0x10-7

0.0

5.0x10-7

1.0x10-6

1.5x10-6

2.0x10-6

2.5x10-6

i/A

E/V

(c) 

0.5 0.6 0.7 0.8 0.9 1.0
-6.0x10-6

-3.0x10-6

0.0

3.0x10-6

6.0x10-6

9.0x10-6

1.2x10-5

1.5x10-5

C
ur

re
nt

 (A
)

Potential (V)

(a) 

(b) 

(c) 



 56

 

0.5 0.6 0.7 0.8 0.9 1.0

-1.5x10-5

-1.0x10-5

-5.0x10-6

0.0

5.0x10-6

1.0x10-5

1.5x10-5

2.0x10-5

2.5x10-5

i/A

E/V

(a) 

0.5 0.6 0.7 0.8 0.9 1.0
-6.0x10-6

-4.0x10-6

-2.0x10-6

0.0

2.0x10-6

4.0x10-6

6.0x10-6

8.0x10-6

1.0x10-5

i/A

E/V

(b) 

0.5 0.6 0.7 0.8 0.9 1.0
-4.0x10-6

-2.0x10-6

0.0

2.0x10-6

4.0x10-6

6.0x10-6

i/A

E/V

(c) 

0.5 0.6 0.7 0.8 0.9 1.0

-1.5x10-5

-1.0x10-5

-5.0x10-6

0.0

5.0x10-6

1.0x10-5

1.5x10-5

2.0x10-5

2.5x10-5

C
ur

re
nt

 (A
)

Potential (V)

(a) 

(b) 

(c) 

 

Figure 4.17 Cyclic voltammograms of TiO2/C composite electrodes prepared by 

Method A2 at various carbonization temperatures of (a) 500°C, (b) 600°C, 

and (c) 700°C in 1 M H2SO4. 
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Figure 4.18 Cyclic voltammograms of TiO2/C composite electrodes prepared by 

Method B1 at various carbonization temperatures of (a) 500°C, (b) 600°C, 

and (c) 700°C in 1 M H2SO4. 
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Figure 4.19 Cyclic voltammograms of TiO2/AC composite electrodes prepared by 

Method B2 at various carbonization temperatures of (a) 500°C, (b) 600°C, 

and (c) 700°C in 1 M H2SO4. 
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Figure 4.20 Cyclic voltammograms of the unsupported bulk TiO2 (TiO2 100%) 

electrodes at various calcination temperatures of (a) 500°C, (b) 600°C, 

and (c) 700°C in 1 M H2SO4. 
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From the cyclic voltammetric curve in Figures 4.15-4.20, the average current was 

obtained and listed in Table 4.3. It is shown that the values of average current of carbon and 

activated carbon electrodes are very low. For the unsupported anatase electrode prepared 

by sol-gel method, the average current is similar to those values for carbon and 

activated carbon. It is exhibited that loading of TiO2 on the supporting carbon increases 

the electric capacitance although TiO2 itself has low electric capacitance. It can be seen that 

the average current of bulk TiO2 is low. The average current tends to increase with 

phosphoric acid treatment in Method A2 and B2 because this performance provides  

the extremely porous material to enhance the electric capacitance. The average current of 

the composite electrodes at the carbonization temperature of 500°C is significantly 

higher than those at other temperatures. This agreed with the significant increase of  

the specific surface area of those samples. 

 

Table 4.3 The average current from cyclic voltammetry of the sample electrodes 

obtained from different preparation methods at various carbonization 

temperatures of 500, 600, and 700°C 

 

 
Conditions 

 
The average current 

(Ampere, A) 

Carbonization temperature 500°C 600°C 700°C 
Method A: TTIP impregnation before 
carbonization 
-  TiO2/C     (A1) 
-  TiO2/C     (A2) 

 
 

2.31×10-6 
4.66×10-6 

 
 

7.82×10-7 
1.10×10-6 

 
 

5.25×10-7 
7.53×10-7 

Method B: TTIP impregnation after 
carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

1.12×10-6 
7.96×10-6 

 
 

6.51×10-7 
6.73×10-6 

 
 

4.13×10-7 
4.66×10-6 

Bulk TiO2  1.30×10-7 1.20×10-7 1.10×10-7 
Carbon 1.76×10-7 
Activated carbon 3.98×10-7 

The specific capacitance can be obtained from the cyclic voltammetric curve 

according to the following equation:  

sm
iC =  
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Where C represents the total specific capacitance of sample electrode, i is  

the average current of anodic and cathodic process obtained from the positive and 

negative sweeps of cyclic votammogram, s is the potential sweep rate, and m is the mass 

of each composite electrode [89].  

Table 4.4 summarized the specific capacitance of carbon, activated carbon, bulk 

TiO2 and their composites, which were calculated from the cyclic voltammogram by 

the equation above. The specific capacitance value of the pure carbon electrode is 35 mF/g 

enhanced to 80 mF/g of pure activated carbon electrode because the performance 

through phosphoric acid treatment provides the higher specific surface areas which 

lead to the more charging current of the electric double layer capacitor electrode.  

The novel method A, TTIP impregnation before carbonization, provides the specific 

capacitance in the range of 105-932 mF/g while the conventional method B, TTIP 

impregnation after carbonization, provides the specific capacitance in the range of  

83-1,592 mF/g. It can be seen that the poor performance of pure TiO2 electrodes 

exhibit very low capacitance in the range of 22-26 mF/g.  

 

Table 4.4 The specific capacitance calculated from cyclic voltammetry of the sample 

electrodes obtained from different preparation methods at various 

carbonization temperatures of 500, 600, and 700°C  

 

 
 

Conditions 

 
Specific capacitance 

from cyclic voltammetry  
 (mF/g) 

Carbonization temperature 500°C 600°C 700°C 
Method A: TTIP impregnation before 
carbonization 
-  TiO2/C     (A1) 
-  TiO2/C     (A2) 

 
 

462 
932 

 
 

156 
220 

 
 

105 
151 

Method B: TTIP impregnation after 
carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

224 
1,592 

 
 

130 
1,346 

 
 

83 
932 

Bulk TiO2  26 24 22 
Carbon 35 
Activated carbon 80 
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The specific capacitance of carbon is enhanced by modification of TiO2. It can 

be explained that this is due to the interaction between carbon and TiO2, namely,  

the electric effect of semiconducting TiO2 nanoparticles. It has been known that 

carbon electrode is rather polarizable and the resulted polarization adversely affect 

performance of the capacitors because polarization may reduce the accumulation of 

the ions on double-layer. Therefore, reducing polarization of carbon has been 

considered to be an effective approach toward the improved capacitance of the double 

layer capacitors. H. Liang et al. [54] has been reported that charges on the surface of 

TiO2 (an n-type semiconductor) are more than the other regions due to the attractive 

contribution of the positively charged depletion region. So the polarization of carbon 

can be reduced by modifying carbon with semiconducting TiO2, especially these with 

nanosize from our proposed method. For all sample electrodes obtained from different 

preparation methods, the specific capacitance value at carbonization temperature of 

500°C is the highest and the method with phosphoric acid treatment exhibits  

the increase of the capacitance of double layer capacitors. 

In comparison of Method A1 with B1, which is not treated by phosphoric acid, 

the specific capacitance of the composites by the novel method A1 is significantly 

higher than the conventional method B1, especially at the carbonization temperature of 

500°C. It can be explained by the smaller crystal size of TiO2 which is almost one half 

of that prepared by the conventional method (see Table 4.1). Therefore, the small 

anatase crystal sizes are expected to improve capacitive behavior.   

At all carbonization temperatures, the conventional method B2 provides 

significantly higher specific capacitance than the novel method A2 although  

the crystal size of TiO2 from the novel method is smaller. It indicated that  

the extremely high surface areas of the conventional method B2 much influenced on 

capacitive behavior and at the carbonization temperature of 500°C, the highest surface 

areas is up to 711 m2/g (see Table 4.2) so this method provides the highest 

capacitance of 1,592 mF/g. 

It is found that the performance through phosphoric acid treatment in Method A2 

provides the higher specific capacitance than that without phosphoric acid treatment in 

Method A1. Such surface functional groups may play essential roles in the improvement 

and curing on the surface of the composite. Especially, the carbonization temperature 

of 500°C which is the effective carbonization temperature when treated by phosphoric 
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acid in Method A2 increases the specific capacitance value almost twice of Method 

A1 (increases from 462 mF/g to 932 mF/g). It is likely that the effect of higher surface 

area after phosphoric acid treatment of the sample enhancing the capacitance of  

the electrode. The capacitance value slightly increases at others carbonization 

temperatures.       

For Methods B1 and B2, it was found that the specific capacitance value of 

Method B2 is higher than Method B1. This is a result from an effective activation to 

obtain the extremely high surface area that causes the high capacitance. In conclusion, 

the specific capacitance value at the carbonization temperature of 500°C is the highest 

among those from other. The specific capacitance values at this carbonization 

temperature are 932 and 1,592 mF/g for the novel method and the conventional 

method, respectively. 

However, both of the specific surface area and the crystal size of TiO2 

influences the capacitance of the capacitive electrode. A high surface area of  

the composite and the small crystal size of TiO2 are a key factor to increase  

the electric double layer at the surface of electrode in achieving a high capacitance. 

The performance through phosphoric acid treatment in the preparation steps leads to 

an increase in the electric conductivity and a decrease in resistance for supporting  

the capacitive behavior of electrode. The suitable TiO2 contents in the composite may 

play essential roles in the improvement on the total specific capacitance that will be 

discussed in next section. 

 

4.1.4.2 Electrochemical Impedance Spectra 

The impedance plot consists of the real part (Z΄) at the horizontal axis,  

the imaginary part (Z˝) at the vertical axis and the measurements carried out from 

high frequencies to low frequencies. The charge-transfer process at the electrode 

electrolyte interface is determined by the region represented by a semicircle at higher 

frequencies, whereas the straight line inclined at an angle of around 45° to the real 

part axis (Z΄) represents the diffusion-controlled electrode kinetics in the lower 

frequency region and known as the Warburg impedance. The impedance plot should 

theoretically be a vertical line, parallel to the imaginary axis. In fact, a difference 

between this theoretical behavior and experimental can be observed.  
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The complex plane impedance spectra for carbon and activated carbon 

electrodes are presented in Figures 4.21(a) and 4.21(b). The presence of a small 

semicircular loop for each electrode is due to the double layer charging capacitance of 

the electrodes. It was found that the values read from the intercepts of the semicircle 

at the left of the real part axis were similar, indicating the similar solution resistance 

of the electrochemical capacitor electrodes. The semicircle diameter of the activated 

carbon is slightly increased but the capacitance value is not different and shown in 

Table 4.5. It was observed that the impedance (Z΄) is very high cause by the large 

polarization resistance of the carbon electrode. 
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Figure 4.21 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by (a) carbon (b) activated carbon. 

 

Figure 4.22 presents complex plane impedance plots for the TiO2/C composite 

by Method A1. The semicircle diameter of impedance spectra at three carbonization 

temperatures is not significantly different but it is obviously different from those 

carbon and activated carbon electrode. The impedance (Z΄) is lower it indicates that 

the polarization resistance is decrease and increasing in the capacitance. Those of 

reason cause by modification carbon with anatase TiO2. However, the TiO2/C 

composite of Method A1 prepared at carbonization temperature of 500°C exhibits  

the lowest Warburg impedance indicating that the preparation at this temperature 

could enhance the diffusion of ion within pores of electrochemical electrodes. 

Complex plane impedance plots for TiO2/C composite prepared by Method A2 shown 

in Figure 4.23. The semicircular loop of impedance spectra at carbonization 

temperatures of 600 and 700°C is not obviously different but the carbonization 

temperature of 500°C is rather different from others. 
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The complex plane impedance spectra for TiO2/C composite prepared by 

Method B1 are presented in Figure 4.24 and the semicircular loop is similar to  

the result from Method A1. The difference is the length of Warburg impedance from 

Method B1 is rather increased so the diffusion of ions within pore of electrode will be 

decreased. It is caused that why the capacitance from the conventional method B1 is 

lower than the novel method A1. The results from AC impedance agree with those 

obtained from cyclic voltammetric technique. It suggests that our proposed method is 

better than the conventional method in case which is not performed through 

phosphoric acid treatment. Figure 4.25 presented complex plane impedance plots for 

the TiO2/AC composite by Method B2 and the impedance plot is similar to Method B1. 

The impedance spectra of bulk TiO2 are shown in Figure 4.26. The impedance values (Z΄) 

are rather high like those from carbon and activated carbon electrode cause by  

the high resistance of the pure TiO2. 
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Figure 4.22 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method A1 at various carbonization 

temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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Figure 4.23 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method A2 at various carbonization 

temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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Figure 4.24 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method B1 at various carbonization 

temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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Figure 4.25 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method B2 at various carbonization 

temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 

 

Figure 4.26 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by the unsupported TiO2 (TiO2 100%) at various 

calcination temperatures of (a) 500°C, (b) 600°C, and (c) 700°C. 
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The specific capacitance values were obtained by fitting the impedance curve 

calculated by electrochemical software (Autolab PGSTAT 30, FRA software). Table 4.5 

summarizes the specific capacitance of carbon, activated carbon, bulk TiO2 and their 

composites which were calculated from electrochemical impedance spectroscopy.  

The specific capacitance of the carbon and activated carbon electrode is low and not 

different. Because of the carbon electrode is rather polarizable and the resulted 

polarization may reduce the diffusion of ions on double layer. It can be seen that  

the poor performance of pure TiO2 electrodes provided the low capacitance in  

the range of 57-79 mF/g because the high resistance of TiO2 electrodes. 

The novel method A, TTIP impregnation before carbonization, provides  

the specific capacitance in the range of 92-381 mF/g while the conventional method B, 

TTIP impregnation after carbonization, provides the specific capacitance in the range 

of 67-423 mF/g. The specific capacitance values at the carbonization temperature of 

500°C are the highest among those obtained from preparation methods and  

the Method B2 provides the highest capacitance values. 

 

Table 4.5 The specific capacitance calculated from electrochemical impedance 

spectroscopy of the sample electrodes obtained from different preparation 

methods at carbonization temperatures of 500, 600, and 700°C  

 
 

Conditions 

 
Specific capacitance 

from electrochemical impedance 
spectroscopy 

 (mF/g) 

Carbonization temperature 500°C 600°C 700°C 
Method A: TTIP impregnation before 
carbonization 
-  TiO2/C    (A1) 
-  TiO2/C    (A2) 

 
 

259 
381 

 
 

123 
146 

 
 

92 
103 

Method B: TTIP impregnation after 
carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

187 
423 

 
 

95 
216 

 
 

67 
158 

Bulk TiO2  79 69 57 
Carbon 52 
Activated carbon 59 
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Table 4.6 shows the comparison between the specific capacitance values of the 

sample electrodes from cyclic voltammetric technique and those of from electrochemical 

impedance spectroscopic technique. Although the values of specific capacitance from 

electrochemical impedance spectroscopic technique are less than those calculated by cyclic 

voltammetric technique, the results show similar trend. The specific capacitance values of 

pure carbon, pure activated carbon, and bulk TiO2 electrodes from both techniques are very 

low. To improve capacitive behavior, enhance stability, and increase conductivity, TiO2 has 

been attached to carbon or activated carbon to form the composite. Thus, the specific 

capacitance values of the composite electrodes from both techniques are significantly 

increased. Especially, the carbonization temperature of 500°C at all preparation methods is 

the excellent carbonization temperature showing the highest specific capacitance 

values. The composite electrode prepared by the novel method and the conventional 

method shows the highest specific capacitance values from cyclic voltammetric technique 

of 932 and 1,592 mF/g, respectively. Whereas, the composite prepared by the novel method 

and the conventional method provides the highest specific capacitance values from 

electrochemical impedance spectroscopic technique are 381 and 423 mF/g, respectively. 

 

Table 4.6 A comparison of the specific capacitance obtained from different 

techniques of the sample electrodes by different preparation methods at 

various carbonization temperatures of 500, 600, and 700°C  

 
Specific capacitance 

(mF/g) 
 
 
 

Conditions 
 
 

Cyclic voltammetry 

 
Electrochemical 

impedance 
spectroscopy 

Carbonization 
temperature 

500°C 600°C 700°C 500°C 600°C 700°C 

Method A: 
-  TiO2/C     (A1) 
-  TiO2/C     (A2) 

 
462 
932 

 
156 
220 

 
105 
151 

 
259 
381 

 
123 
146 

 
92 
103 

Method B: 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
224 

1,592 

 
130 

1,346 

 
83 
932 

 
187 
423 

 
95 
216 

 
67 
158 

Bulk TiO2  26 24 22 79 69 57 
Carbon 35 52 
Activated carbon 80 59 
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4.2 Effect of TiO2 Contents in the Composite on Composite Properties 

To study the effect of TiO2 content in the composite on the capacitive 

performance of the composite electrode, all the composite samples were synthesized 

with various amounts of TiO2 of 10, 20, 30, and 40 wt% in the composite.  

The carbonization temperature of 500°C was used. 

 

4.2.1 XRD Patterns 

XRD patterns of TiO2/C composites prepared by Methods A1 and A2 at 

carbonization temperature of 500°C and at 10-40 wt% TiO2 contents in the composites 

are shown in Figures 4.27 and 4.28, respectively. All XRD patterns of the samples are 

similar in intensities of five main characteristic peaks of anatase structure at the Bragg 

angles, 2θ of 25.3, 37.8, 48.0, 53.9, and 55.0 degrees. They are similar to that reported by 

B. Jiang et al. [50] and no other crystalline phase was observed in Method A1. It can be 

seen that with increasing TiO2 content, the peak intensities of anatase increase, as shown 

in Figure 4.27. The broad bump of the baseline around 20-30 degrees due to  

the amorphous phase of carbon. For Method A2 in Figure 4.28, the significant change is 

that the pyrophosphate (TiP2O7) phase was found because this method was performed 

through phosphoric acid treatment followed by heating. It is well known that poly-anion 

type compound, such as TiP2O7 can keep their crystal structure during lithium ion 

intercalation/deintercalation process which brings excellent thermal stability and cyclic 

performance. It is demonstrated that TiP2O7 materials are able to deliver high reversible 

capacity at charge-discharge rate as lithium ion insertion materials [88]. The broadening 

of XRD peaks of the composite from Methods A1 and A2 is due to the small crystals 

compared to those of samples from Methods B1 and B2. 

XRD patterns of the TiO2/C and TiO2/AC composites by Methods B1 and B2, 

respectively, prepared at the carbonization temperature of 500°C and at 10-40 wt% 

TiO2 contents in the composites are shown in Figures 4.29 and 4.30, respectively.  

All the synthesized composites were identified as anatase TiO2 incorporated on  

the carbon surface. All samples in both figures show the obvious increase in intensity 

of the anatase peak at 2θ of 25.3° due to the increase of the TiO2 content in the composites. 

It implies that the decrease of TiO2 content in the composites results in the increase of 

carbon that causes the presentation of broad peak of amorphous carbon. 
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Figure 4.27 XRD patterns of TiO2/C composites prepared by Method A1 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites. 

20 25 30 35 40 45 50 55 60
2Theta (degree)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

(a) 10%

(b) 20%

(c) 30%

TTIP impregnation before carbonization (A2)

Anatase ( )

(d) 40%

100 cps 

Figure 4.28 XRD patterns of TiO2/C composites prepared by Method A2 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites. 
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Figure 4.29 XRD patterns of TiO2/C composites prepared by Method B1 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

XRD patterns of TiO2/AC composites p

(d) 40% TiO2 contents in the composites. 

Figure 4.30 repared by Method B2 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites. 
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The relative peak width of anatase in the composites was summarized in Table 4.7. 

r formula, the crystal size is inversely proportional to a width at half height of 

ak. In each method, the XRD peak widt

From Scherre

a sample pe h at half height of anatase is 

dependent from the TiO2 contents in the composite, especially the samples from Method 

B. Ho

site 

*  intense characteris k at 2θ .3 

n Adsorption 

4.34 show the nitro n adsorption isotherms for the resulting 

nventional method B at  

the ca and at 10-40 wt% TiO2 contents in the composites. 

All samples exhibit a type I adsorption isotherm which is a characteristic of a microporous 

mater

 
C

 

in

wever, the electrochemical properties of these composites will be reported. 

 

Table 4.7 Relative peak width at half height for anatase crystals in the composites 

obtained from different preparation methods at the carbonization temperature 

of 500°C with various amounts of TiO2 at 10-40 wt% in the compo

onditions 
 

Relative peak width at half height*(degree) 

Carbonization  temperature 10% 20% 30% 40%
Method A: 
before carbonization 
-  TiO2/C 
-  TiO2/C     (A2) 

  

 

  
TTIP impregnation     

    (A1) - 
0.29 

- 
0.37

0.59 
0.37 

0.58 
0.38 

Method B: TTIP impregnation

Based on the most tic pea  of 25

4.2.2 Nitroge

Figures 4.31- ge

 

0.42 0.44 0.47 0.33 
after carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

- 

 
 

- 

 
 

- 

 
 

0.35 

composites obtained from the novel method A and the co

rbonization temperature of 500°C 

ial. The nitrogen adsorption isotherms of the composites at 40% TiO2 content in  

the composites show the lowest absorbed amount of nitrogen. This indicates that  

the contents of TiO2 in the composites have significant influence on the surface area  

of the composite. Applying the BET method, the specific surface area (SBET) as shown in 

Table 4.8, is lowest with the maximum of TiO2 content because of the aggregation of many 

TiO2 crystals in the pores of carbon. The nitrogen isotherms of TiO2/AC composites 

prepared by Method B2 as shown in Figure 4.34 shows larger absorbed amount of nitrogen 

than other methods. It is due to extremely high surface area provided by the activated 
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igure 4.31 The N2 adsorption isotherms of TiO2/C composites prepared by Method A1 

at the carbonization temperature of 500°C at 10%, 20%, 30%, and 40% 

TiO2 contents in the composites. 

 

 

igure 4.32 The N2 adsorption isotherms of TiO2/C composites prepared by Method A2 

at the carbonization temperature of 500°C at 10%, 20%, 30%, and 40% 

TiO2 contents in the composites. 

 

carbon obtained from this method while other methods gave only normal carbon materials 

with not so high specific surface areas. 
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igure 4.33 The N2 adsorption isotherms of TiO2/C composites prepared by Method B1 

at the carbonization temperature of 500°C at 10%, 20%, 30%, and 40% 

TiO2 contents in the composites. 

 

 

igure 4.34 The N2 adsorption isotherms of TiO2/AC composites prepared by 

Method B2 at the carbonization temperature of 500°C at 10%, 20%, 

30%, and 40% TiO2 contents in the composites. 
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Table 4.8 shows textural properties of TiO2/C and TiO2/AC composites obtained 

at 10-40 wt%

method A ha ared by the conventional 

metho

at 10-40 wt% TiO2 contents in the composites 

a Spec a determined by application of the BET-plot method 
b Micropore size determined b ation of P-plot m  
c External surface area and mi  volume determined by application of the t-plot 

meth

of 123-240 m2/g.  

specific surface areas of the composites from Method A2 are higher than those from 

from different preparation methods at the carbonization temperature of 500°C  

 TiO2 contents in the composites. The composites prepared by the novel 

ve lower BET specific surface areas than those prep

d B.  

 

Table 4.8 Textural properties of TiO2/C and TiO2/AC composites obtained from 

different preparation methods at the carbonization temperature of 500°C 

Sample S BET a   
(m2/g) 

dp 
b       

(nm) 
Sext c  

(m2/g) 
Vmicro c 
(cm3/g) 

 
0-10% 

 
181 

 
0.8 A1-50

A1-500-20% 
A1-500-30% 
A1-500-40% 

148 
41

0.7 

 
17 
12 
9 

 
0.0680 
0.0564 

1  
123 

0.8 
0.8 8 

0.0561 
0.0490 

 
A2-500-10% 

 
215 0.7 

 
17 0.0812 

A2-500-20% 
A2-500-30% 
A2-500-40% 

240 
196 
211 

 

0.9 
0.8 
0.6 

22 
21 
28 

 

0.0961 
0.0738 
0.0778 

 
B1-500-10% 346 0.7 30 0.1296 
B1-500-20% 
B1-500-30% 
B1-500-40% 

 

317 
262 
243 

 

0.6 
0.6 
0.6 

 

29 
66 
24 

 

0.1181 
0.0823 
0.0890 

 

ific surface are

y applic the M ethod

cropore

od 

B2-500-10% 1,280 
1,062 

396 
B2-500-20% 
B2-500-30% 
B2-500-40% 

 

880 
692 

 
1.0 
1.0 
1.0 
1.0 

 

304 
221 
205 

 
0.4461 
0.3773 
0.3202 
0.2429 

 

Method A provides the specific surface areas in the range 

The composites from Method A2 were treated with phosphoric acid treatment thus the BET 
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Method A1. However, the specific surface areas of the composites after the treatment with 

phosp

2 tents in the composites are presented in 

igure 4.35. Obviously, the nanoparticles of TiO2 were well dispersed over the supported 

carbon and held at around 100-150 nm with magnification of 10,000 to 40,000 times.  

The i

e the carbon pore and 

some

horic acid were significantly increased. Method B1 provides the BET specific surface 

areas in the range of 243-346 m2/g, while Method B2 provides the BET specific surface 

areas in the range of 692-1,280 m2/g. The BET specific surface areas of the composites 

from Method B2 are extremely higher than those of the composites from Method B1. 

Only normal carbon was formed in the composites prepared by Methods A1, A2, and 

B1 but it was not really activated as it was by Method B2. Pore sizes determined by 

the MP method falls in the range of 0.6-1 nm. 

 

4.2.3 SEM Images  

SEM images of TiO2/C composite prepared by Method A1 at the carbonization 

temperature of 500°C and at 10-40% TiO  con

F

ncrease in the TiO2 particle was restricted by the carbon surface in the nano-spaces in 

the carbon. It showed good agreement with the results of XRD that the novel method 

provided the small particles of TiO2. The amount of TiO2 on the carbon surface increases 

with increasing TiO2 content. For the TiO2/C composite from Method A2 treated by 

phosphoric acid, the particles are still well dispersed but slightly agglomerated as shown as 

in Figure 4.36. The SEM images show that the composites from Method A2 are slightly 

larger particle than Method A1. It has been discussed that chemical activation cause of the 

partial formation of TiP2O7 which has large crystal size the TiO2.  

SEM images of TiO2/C (B1) and TiO2/AC (B2) composites prepared by Method B at 

the carbonization temperature of 500°C and at 10-40% TiO2 contents in the composites are 

presented in Figures 4.37 and 4.38, respectively. The composites from the conventional 

method were heavily aggregated with some bulk TiO2 outsid

 large particles appeared. This was in agreement with the XRD results. 
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Figure 4.35 SEM images of TiO2/C composites prepared by Method A1 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites with magnification of 10,000x-

40,000x, respectively. 

 (a) (b) 
 

 

 

 

 

 
(c) (d)  

 

 

 

 

 

Figure 4.36 SEM images of TiO2/C composites prepared by Method A2 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites with magnification of 10,000x. 
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Figure 4.37 SEM images of TiO2/C composites prepared by Method B1 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites with magnification of 10,000x. 
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Figure 4.38 SEM images of TiO2/AC composites prepared by Method B2 at the 

carbonization temperature of 500°C at (a) 10%, (b) 20%, (c) 30%, and 

(d) 40% TiO2 contents in the composites with magnification of 10,000x. 



 80

4.2.4 Electrochemical Properties 

4.2.4.1 Cyclic Voltammograms 

In general, a cyclic voltammogram of an ideal double layer capacitor is in  

a rectangular shape, while that of the pseudocapacitor more or less detours from  

the rectangular shape [61]. Cyclic voltammograms of TiO2/C and TiO2/AC composite 

electrodes obtained from different preparation methods at carbonization temperature of  

500°C with 10-40 wt% TiO2 contents in the composites in 1 M H2SO4 are presented in 

Figures 4.39-4.42. Cyclic voltammetric measurements were carried out in the potential 

range of 0.5-1 V at a scan rate of 0.01 V/s. The profiles of the composite material electrodes 

are similar to those of carbon and activated carbon electrodes (see Figure 4.15) that present 

the typical box. Similar to the work done by H. Liang et al. [54], no redox peak behavior 

was observed when using the composite electrode. This result indicates that the capacitance 

obtained from our composite electrodes are mainly from double layer capacitive current 

and may be related to the less amount of titanium loaded.  

From the cyclic voltammetric curve in the Figures 4.39-4.42, the average currents 

were obtained and listed in Table 4.9. It is shown that the average current of  

the composite electrode at 40% TiO2 content is higher than that of other TiO2 

contents. The average current trends to increase with increasing TiO2 content in  

the composites. It is also found that loading of TiO2 increases the electric conductivity of 

the composite although TiO2 itself had low electric conductivity when it stands alone. 

 

Table 4.9 The average current calculated from cyclic voltammetry of the composite 

electrodes obtained from different preparation methods at the carbonization 

temperature of 500°C at 10-40 wt% TiO2 contents in the composites  

 
Conditions 

The average current 
(Ampere, A) 

% TiO2 in the composites 10% 20% 30% 40% 
Method A: TTIP impregnation 
before carbonization 
-  TiO2/C     (A1) 
-  TiO2/C     (A2) 

 
 

8.58×10-8 
1.87×10-7 

 
 

1.69×10-7 
2.54×10-7 

 
 

1.03×10-6 
1.13×10-6 

 
 

3.10×10-6

4.24×10-6

Method B: TTIP impregnation 
after carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

8.19×10-8 
2.00×10-7 

 
 

1.55×10-7 
7.05×10-7 

 
 

9.22×10-7 
1.49×10-6 

 
 

1.92×10-6

8.79×10-6
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Figure 4.39 Cyclic voltammograms of TiO2/C composites electrode prepared by 

Method A1 at carbonization temperature of  500°C at (a) 10%, (b) 20%, 

(c) 30%, and (d) 40% TiO2 contents in the composites in 1 M H2SO4. 
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Figure 4.40 Cyclic voltammograms of TiO2/C composites electrode prepared by 

Method A2 at carbonization temperature of  500°C at (a) 10%, (b) 20%, 

(c) 30%, and (d) 40% TiO2 contents in the composites in 1 M H2SO4. 
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Figure 4.41 Cyclic voltammograms of TiO2/C composites electrode prepared by 

Method B1 at carbonization temperature of  500°C at (a) 10%, (b) 20%, 

(c) 30%, and (d) 40% TiO2 contents in the composites in 1 M H2SO4. 
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Figure 4.42 Cyclic voltammograms of TiO2/AC composites electrode prepared by 

Method B2 at carbonization temperature of  500°C at (a) 10%, (b) 20%, 

(c) 30%, and (d) 40% TiO2 contents in the composites in 1 M H2SO4. 

 

The effect of TiO2 content in the composite on the capacitive performance of  

the composite electrode is summarized in Table 4.10. The novel method A provides 

the specific capacitance in the range of 17-848 mF/g while the conventional method B 

provides the specific capacitance in the range of 16-1,758 mF/g.  
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The specific capacitance of the composites prepared by the novel method A1 is 

higher than those from the conventional method B1, especially at 40% TiO2 content in  

the composites where the specific capacitance value prepared by Method A1 is almost 

twice of Method B1. It indicates that our proposed method is effectively method to improve 

the capacitive performance of electrode. It can be explained that the novel method provides 

the very small crystals of TiO2 (see Table 4.7). The nanosize of TiO2 is expected to improve 

capacitive behavior of the electrode and increase the accumulation of the ion on double 

layer, although the specific surface areas from the novel method are lower than from  

the conventional method (see Table 4.8). The increase of TiO2 content that causes  

the increase of the amount of nanosized TiO2 in the carbon pores so the specific capacitance 

values are the highest at 40% TiO2 content in the composites. 

To compare Method A2 with Method B2, at all TiO2 contents in the composites, 

Method B2 shows higher specific capacitance than Method A2. The specific capacitance 

values increase with the increase of the TiO2 content in the composite and show the highest 

values of 848 and 1,758 mF/g from Methods A2 and B2, respectively, at 40% TiO2 content. 

The tremendously high specific surface area is account for the very high capacitive 

performance of the electrode from Method B2. At the same TiO2 content, all the composites 

from Method B2 provide higher specific capacitance values than Method A2. Among those 

composites from the same method, the increase of the TiO2 content in the composite has an 

effect on the specific surface areas.  

 

Table 4.10 The specific capacitance calculated from cyclic voltammetry of the composite 

electrodes obtained from different preparation methods at the carbonization 

temperature of 500°C at 10-40 wt% TiO2 contents in the composites  

 
Conditions 

Specific capacitance 
from cyclic voltammetry  

 (mF/g) 
% TiO2 in the composites 10% 20% 30% 40% 
Method A: TTIP impregnation 
before carbonization 
-  TiO2/C     (A1) 
-  TiO2/C     (A2) 

 
 

17 
37 

 
 

34 
51 

 
 

206 
226 

 
 

620 
848 

Method B: TTIP impregnation 
after carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

16 
40 

 
 

31 
141 

 
 

184 
298 

 
 

384 
1,758 
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The composite electrodes show enhanced specific capacitance when increasing TiO2 

content but the TiO2 content in the composites must be appropriate to provide high 

capacitive performance of the composite electrode. If no TiO2 but only carbon or activated 

carbon is used as electrode material, the capacitive performance is not so good. 

Similarly, if only TiO2 without carbon is used, the capacitive performance is also low. 

The hybrid properties of TiO2 along with carbon or activated carbon can provide the 

excellent capacitive performance of TiO2/C or TiO2/AC composite.  

 
4.2.4.2 Electrochemical Impedance Spectra 

Figures 4.43 and 4.44 present complex plane impedance plots for composites 

prepared by Method A1 and A2, respectively. The semicircular loop for the composites at 

10-30% TiO2 contents in the composite from both methods is not significantly different but 

they are obviously different from that at 40% TiO2 content in the composite.  

The impedance (Z΄) is decreased and it indicates that the polarization resistance decreases 

and the electric conductivity increases. It can be explained that the increase of TiO2 content 

can reduce the polarization of carbon in the composite causing the high electric double layer 

capacitance. However, diffusion of ions from aqueous solution to the interface layer 

between the electrode surface and the solution can create the impedance known as  

the Warburg impedance. At high frequencies the Warburg impedance is small as diffusing 

ions do not have to move very far. At low frequencies the ions have to diffuse farther, thus 

increasing the Warburg impedance [87].  

Figures 4.45 and 4.46 present complex plane impedance plots for the TiO2/C 

and TiO2/AC composite prepared by Method B1 and B2, respectively. It is not 

different for the composites at 10-30% TiO2 contents but obviously different from  

the composites at 40% TiO2 content. The composite at 40% TiO2 content in the composite 

from Method B2 in Figure 4.46(d) exhibits the lower Warburg impedance than 

Method B1 in Figure 4.45(d) indicating that this composite could enhance the diffusion of 

ions within pores of electrochemical electrodes, thus the electric double layer can be 

effectively increased. The results reveal that phosphoric acid treatment is the effective 

method to increase the electric double layer and significantly decrease the Warburg 

impedance, resulting in high specific capacitance.  
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Figure 4.43 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method A1 at the carbonization temperature of 

500°C at (a) 10%, (b) 20%, (c) 30%, and (d) 40% TiO2 contents in  

the composites. 
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Figure 4.44 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method A2 at the carbonization temperature of 

500°C at (a) 10%, (b) 20%, (c) 30%, and (d) 40% TiO2 contents in  

the composites. 
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Figure 4.45 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method B1 at the carbonization temperature of 

500°C at (a) 10%, (b) 20%, (c) 30%, and (d) 40% TiO2 contents in  

the composites. 
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Figure 4.46 Complex-plane impedance spectra of electrochemical capacitors with 

electrode material made by Method B2 at the carbonization temperature of 

500°C at (a) 10%, (b) 20%, (c) 30%, and (d) 40% TiO2 contents in  

the composites. 
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The specific capacitance values were obtained by fitting the Nyquist plot curve 

calculated by electrochemical software (Autolab PGSTAT 30, FRA software). Table 4.11 

summarizes the specific capacitance values of the composite electrodes obtained  

from different preparation methods with different TiO2 contents in the composites.  

The novel method A, TTIP impregnation before carbonization, provides the specific  

capacitance in the range of 54-412 mF/g while the conventional method B, TTIP 

impregnation after carbonization, provides the specific capacitance in the range of  

47-558 mF/g. The specific capacitance values of the composite at 40% TiO2 content 

are the highest for all preparation methods and Method B2 gives the highest 

capacitance values. 

 

Table 4.11 The specific capacitance calculated from electrochemical impedance 

spectroscopy of the composite electrodes obtained from different 

preparation methods at the carbonization temperature of 500°C at 10-40 wt% 

TiO2 contents in the composites  

 

 
 

Conditions 

 
Specific capacitance 

from electrochemical impedance  
spectroscopy 

 (mF/g) 
 

% TiO2 in the composites 10% 20% 30% 40% 
Method A: TTIP impregnation 
before carbonization 
-  TiO2/C   (A1) 
-  TiO2/C   (A2) 

 
 

54 
59 

 
 

100 
105 

 
 

204 
217 

 
 

370 
412 

Method B: TTIP impregnation 
after carbonization 
-  TiO2/C     (B1) 
-  TiO2/AC  (B2) 

 
 

47 
67 

 
 

91 
122 

 
 

179 
259 

 
 

313 
558 

It can be seen that the values of specific capacitance of the composites 

calculated from cyclic voltammetry (Table 4.10) are relatively higher than those from 

electrochemical impedance spectroscopy (Table 4.11) that is similar to other reports 

[53]. However, they provide the same trend that the increase in TiO2 content results in 

both types of higher specific capacitance. 

 



 
 

CHAPTER V 

CONCLUSION 
 

TiO2/carbon composites can be prepared successfully through the novel method 

by impregnation of bamboo powder with TTIP solution in 2-propanol, followed by 

heating under nitrogen to form anatase-type TiO2. This novel method can reduce  

the preparation steps because anatase formation and carbonization take place 

simultaneously in a single step at the same temperature. The composites containing 

the anatase crystals down to the size of 12 nm can be prepared successfully.  

The composite can be potentially applied further as electrode materials for electric 

double layer capacitor.  

Anatase-type TiO2 was readily formed in all preparation methods. The anatase 

phase obtained is very stable even at 700°C and no rutile phase was observed for all 

preparation methods. It indicates that carbon from bamboo can obviously stabilize the 

nano-anatase phase up to 700°C. The novel method (Method A), TTIP impregnation 

before carbonization, provides smaller crystal size than the conventional method 

(Method B), TTIP impregnation after carbonization and the sol-gel method.  

The increasing of the TiO2 crystal size can be obtained when the composites were 

treated with phosphoric acid. This may result in a chemical activation inside the 

composite during calcination, thus leading to agglomeration of TiO2 and increase in 

the crystal size. All composites exhibit a type I adsorption isotherm which is the 

typical isotherm of microporous material. The composites prepared by the novel 

method have lower BET specific surface areas than those prepared by the 

conventional method due to the composites prepared by Method A1, A2, and B1 are 

still composed of normal carbon or acid treated carbon not real activated carbon. 

From electrochemical studies, it indicated that introduction of TiO2 dramatically 

increases capacity of carbon although TiO2 itself had very low capacitance. The 

polarization of carbon which causes the decreasing accumulation of the ions on 

double layer can be reduced by modifying carbon with nanosize TiO2. A high surface 

area of the composite and the small crystal sizes of TiO2 are a key factor to increase 

the double layer at the surface of capacitor electrode in achieving a high capacitance. 
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The method which was performed through phosphoric acid treatment provided the 

high specific capacitance because the surface functional groups may play essential 

roles in the improvement and curing on the surface of the composite. The carbonized 

temperatures of 500°C is the effectively carbonization temperature. The composite 

electrode shows the highest specific capacitance values from voltammetric technique 

of 932 and 1,592 mF/g by the novel method and the conventional method respectively 

while those from electrochemical impedance spectroscopic technique are 381 and 423 

mF/g by the novel method and the conventional method, respectively.  

The effect of TiO2 content (10-40 wt%) in the composite on the composite 

properties was studied at the carbonization temperature of 500°C. The suitable TiO2 

content in the composite is essential in the improvement on the total specific 

capacitance. The optimum content of TiO2 is 40% for all preparation methods to 

provide the highest specific capacitance. The composite electrodes show the highest 

specific capacitance values from voltammetric technique of 848 and 1,758 mF/g by 

the novel method and the conventional method, respectively while those from 

electrochemical impedance spectroscopic technique are 412 and 558 mF/g by the 

novel method and the conventional method, respectively. It can be concluded that the 

specific capacitance of the composite electrode is affected by preparation methods, 

carbonization temperature, and the TiO2 content in the composite.  

In several countries in Asia including Thailand there is plenty of bamboo based 

chopsticks disposed as waste and it is worth converting such biomass towards the 

valued added material like TiO2/carbon composite. Thus the novel method for 

preparing the TiO2/carbon and TiO2/activated carbon composite with high thermal 

stability using bamboo chopsticks as carbon source for further application in an 

electric double layer capacitor is interesting. 

 
The suggestion for future work 

1. Study of the methods of the activation of carbon in the presence of TiO2 

obtained from the novel method for improving BET surface area to get the 

real activated composite for enhancing the specific capacitance of the 

electrochemical capacitor electrode.     

2. Study of the preparation method of the electrochemical capacitor electrode 

by decreasing the amounts of binder to increase the specific capacitance.  
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APPENDIX A 
Results from cyclic voltammetric technique 

Table A-1 Specific capacitance of electrodes with effect of preparation methods and carbonization temperature calculated from cyclic 

voltammetric technique 

 
 

Conditions 

 
Specific capacitance 

from cyclic voltammetry  
 (mF/g) 

500°C 600°C 700°C  
Carbonization 
temperature 

 
1 

 
2 

 
3 

average 
capacitance

 
1 

 
2 

 
3 

average 
capacitance

 
1 

 
2 

 
3 

average 
capacitance 

 
Method A 

-  A1 
-  A2 

 
 

484 
944 

 
 

460 
930 

 
 

440 
920 

 
 

462 
932 

 
 

160 
238 

 
 

156 
212 

 
 

153 
208 

 
 

156 
220 

 
 

111 
156 

 
 

104
150

 
 

100
146

 
 

105 
151 

 
Method B 

-  B1 
-  B2 

 
 

236 
1,718 

 
 

222 
1,574 

 
 

212 
1,482 

 
 

224 
1,592 

 
 

153 
1,610 

 
 

127 
1,308 

 
 

110 
1,120 

 
 

130 
1,346 

 
 

84 
1,222 

 
 

83 
904 

 
 

81 
772 

 
 

83 
932 

Bulk TiO2 27 26 25 26 28 28 16 24 23 21 21 22 
Carbon 36 35 34 35         

Activated carbon 81 79 79 80         
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Table A-2   Specific capacitance of electrodes with effect of TiO2 contents in the composite calculated from cyclic voltammetric technique 

 

 
 
 

Conditions 

 
Specific capacitance 

from cyclic voltammetry  
 (mF/g) 

 
10% 

 

 
20% 

 
30% 

 
40% 

 
% TiO2 in 

the composite 
 

1 
 

2 
 

3 
average 

capacitance 
 

1 
 

2 
 

3 
average 

capacitance 
 

1 
 

2 
 

3 
average 

capacitance 
 

1 
 

2 
 

3 
average 

capacitance 
 

Method A 
-  A1 
-  A2 

 
 

18 
42 

 
 

17 
37 

 
 

17 
33 

 
 

17 
37 

 
 

38 
51 

 
 

33 
51 

 
 

30 
51 

 
 

34 
51 

 
 

210 
226 

 
 

202 
220 

 
 

204 
230 

 
 

205 
225 

 
 

564 
980 

 
 

694 
726 

 
 

600 
840 

 
 

619 
849 

 
Method B 

-  B1 
-  B2 

 
 

16 
43 

 
 

16 
38 

 
 

16 
38 

 
 

16 
40 

 
 

32 
158 

 
 

31 
139 

 
 

30 
126 

 
 

31 
141 

 
 

184 
324 

 
 

188 
294 

 
 

181 
276 

 
 

184 
298 

 
 

436 
2,06

0 

 
 

378 
1,72

0 

 
 

338 
1,49

6 

 
 

384 
1,759 
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APPENDIX B 
Results from electrochemical impedance spectroscopic technique 

Table B-1 Specific capacitance of electrodes with effect of preparation methods and 

carbonization temperature calculated from electrochemical impedance 

spectroscopic technique 

 

 
 

Conditions 

 
Specific capacitance 

from electrochemical impedance spectroscopy 
 (mF/g) 

500°C  
Carbonization 
temperature  

1 
 

2 
 

3 
 

4 
 

5 
average 

capacitance 
Method A 

-  A1 
-  A2 

 
256 
380 

 
242 
390 

 
292 
382 

 
264 
365 

 
242 
390 

 
259 
281 

Method B 
-  B1 
-  B2 

 
191 
439 

 
184 
434 

 
182 
390 

 
196 
460 

 
184 
390 

 
187 
423 

Bulk TiO2 74 75 76 81 88 79 

600°C  
Carbonization 
temperature  

1 
 

2 
 

3 
 

4 
 

5 
average 

capacitance 

Method A 
-  A1 
-  A2 

 
126 
134 

 
121 
148 

 
117 
153 

 
129 
139 

 
122 
158 

 
123 
146 

Method B 
-  B1 
-  B2 

 
98 
218 

 
97 
220 

 
100 
220 

 
94 
212 

 
88 
212 

 
95 
216 

Bulk TiO2 69 70 71 67 68 69 

700°C  
Carbonization 
temperature  

1 
 

2 
 

3 
 

4 
 

5 
average 

capacitance 

Method A 
-  A1 
-  A2 

 
96 
100 

 
94 
113 

 
90 
102 

 
92 
100 

 
87 
102 

 
92 
103 

Method B 
-  B1 
-  B2 

 
60 
185 

 
79 
167 

 
60 
131 

 
66 
139 

 
72 
167 

 
67 
158 

Bulk TiO2 43 65 54 60 65 57 

Materials 1 2 3 average 
capacitance 

Carbon 54 54 49 52 

Activated carbon 56 59 62 59 
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Table B-2 Specific capacitance of electrodes with effect of TiO2 contents in the composite calculated from electrochemical impedance 

spectroscopic technique 

 
 
 

Conditions 

 
Specific capacitance 

from  electrochemical impedance spectroscopy 
 (mF/g) 

 
10% 

 

 
20% 

 
30% 

 
40% 

 
% TiO2 in 

the 
composite  

1 
 

2 
 

3 
average 

capacitance 
 

1 
 

2 
 

3 
average 

capacitance 
 

1 
 

2 
 

3 
average 

capacitance 
 

1 
 

2 
 

3 
average 

capacitance 
 

Method A 
-  A1 
-  A2 

 
 

52 
58 

 
 

54 
58 

 
 

57 
62 

 
 

54 
59 

 
 

98 
105 

 
 

100 
105 

 
 

101 
106 

 
 

100 
106 

 
 

198 
217 

 
 

206 
219 

 
 

208 
214 

 
 

204 
217 

 
 

346 
412 

 
 

370 
414 

 
 

394 
410 

 
 

370 
412 

 
Method B 

-  B1 
-  B2 

 
 

49 
64 

 
 

41 
68 

 
 

52 
70 

 
 

47 
67 

 
 

88 
109 

 
 

91 
126 

 
 

95 
130 

 
 

91 
122 

 
 

188 
264 

 
 

178 
268 

 
 

172 
244 

 
 

179 
259 

 
 

318 
564 

 
 

320 
546 

 
 

300 
546 

 
 

313 
558 
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APPENDIX C 
Micropore size determined by application of the MP-plot method 
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Figure C-1 MP pore-size distribution of the TiO2/C composite. 
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