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ABSTRACT OF THE THESIS 

 

 

The Fabrication of Titanium Dioxide Based 

 Anode Material Using Aerosol Method 

 

by 

 

 

Lin Zhao 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2014 

Professor Yunfeng Lu, Chair 

 

Lithium ion battery (LIB) is one of the most promising energy storage technologies and has 

rapidly taken over the markets of high performance rechargeable batteries for portable 

electronic devices. However, the application of LIB is limited by the safety problem and 

high-rate capability. Nowadays, more and more research has been focused on the synthesis 

and modification of new electrode materials. Nano-materials and nano-composite are 

expected to enhance the capacity and cycliability of LIB due to the novel morphology and 

structure.  



iii 
 

This thesis focused on the fabrication of porous TiO2 electrode material via aerosol method. 

Spherical TiO2 nano particles with controllable porosity and surface area were achieved using 

a low-cost precursor. Carbon compound including carbon black, carbon nanotube and 

graphene were used to modify the TiO2 material using both aerosol and hydrothermal method. 

The TiO2/carbon composite performed high capacity, conductivity and better cycliability. 
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Chapter 1 Introduction  

1.1 History of Lithium Ion Batteries 

Energy shortage and environment pollution have become the most serious problems that 

might pose a threat to humanity’s survival. The combustion of fossil fuels has rapidly 

increased the emission of carbon dioxide and other toxic gas like NOx and SOx. These gases 

has enhanced the greenhouse effect and resulted in rising temperature, devastating storms and 

desertification. To protect the ecological environment, it is necessary to look for new 

pollution-free energy technologies and reduce the emission of greenhouse gas. Nowadays, 

scientists have already developed clean and efficient power conversion technology such as 

solar cells, fuel cells, electrochemical capacitors and lithium ion batteries [1]. Among all 

these above inventions, lithium ion battery is treated as most promising energy storage 

technology for its high energy efficiency and portability. 

Lithium is the lightest metal and has been chosen as the most suitable metal material for 

batteries since 1912. This highly-reactive metal has greatest electrochemical potential (-3.045 

V) and provides highest energy content, but it takes scientist more than 30 years to actually 

commercialize the lithium ions battery. In the late 1970s, Whittingham [2] first proposed the 

intercalation mechanism of lithium ions in the TiS2 structure and successfully fabricated the 

Li/TiS2 battery which was used as coin cells for electronic devices. Since then, scientists 

manufactured primary lithium ion batteries that use metal lithium and oxide as electrode such 

as Li/SO2 and Li/MnO2 cells in 1980s and Li/V6O13 in 1990s. However, these primary lithium 

ion batteries were not stable enough and might cause serious safety problems. They were 
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based on metallic lithium cathode and offered high energy density. The cell could be easily 

heated during the charging process, causing the melting of metallic lithium and violent 

reaction. What was worse, after several charge and discharge cycles, particularly if the 

batteries are charged quickly, a micro structure of lithium which was known as metallic 

dendrites formed and would cause short circuits, resulting in the overheating and combustion 

of batteries. 

Since the lithium metal is naturally unstable, researchers have started looking for 

non-metallic lithium compound as electrode. In the 1980s, Mizushima [3, 4] and co-workers 

synthesized the layered structure of LiMO2 (M=Co, Ni, Mn), as new cathode for lithium ions 

batteries and has been widely used until now. Based on these achievements, Sony introduced 

the first commercialized lithium ion battery, which had a structure of LiC6| LiClO4+PC+EC| 

LiCoO2. The working voltage of this battery was 3.6V and the energy density was 80 Wh/Kg. 

Since then, more and more research has been carried out on developing new cathode and 

anode materials to enhance the rate capacity, cycling performance and safety of rechargeable 

lithium ion batteries [5].  

1.2 Working Principle of LIB 

Normal lithium ion batteries contain three basic parts: cathode, electrolyte and anode. 

Figure1.1 illustrated the working mechanism of lithium ion batteries during the charging and 

discharging process. A typical commercial lithium ion battery use layered lithium compounds 

material such as LiCo2 as cathode and graphite as anode. 

The electrode reactions are as follows: 
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Cathode: + -
2 1-x 2LiCoO   Li CoO  + Li  + xe→  

Anode: + -
xC + xLi + xe   Li C→  

Overall reaction: 2 1-x 2 xLiCoO  + C  Li CoO  + Li C→  

The above reactions are based the principle of lithium ions intercalation and deintercalation 

on a carbon negative electrode and an intercalation compound positive electrode [5]. During 

the charging process, lithium ions move from the cathode to the anode though the electrolyte 

while the electrons travel from anode to cathode through the external circuit. During the 

discharging process, the electrons move form cathode to anode through the external load and 

lithium ions move from anode to cathode. Since the lithium ions move back and forth during 

the electrode, lithium ion batteries are also called rocking-chair batteries.  

 
Figure1.1illustration of working mechanism for lithium ion batteries [6] 

Compared to other type of rechargeable batteries, the lithium ion batteries have significant 

advantages:  

1) The working voltage is high. The typical operation voltage is 3.6~3.7 V for carbon anode 

batteries. It is almost three times the cutoff voltage of Ni-Cd or Ni-MH batteries.  

2) The energy density is high. The energy density per weight of commercial US18650 type 

battery can be as high as 160Wh/Kg. This value is approximately six times of traditional 

lead-acid batteries.  
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3) The charge/discharge cycle characteristic is excellent; batteries can run for 500 cycles 

with good performance. 

4) Since the carbon material, not the metallic lithium is used as anode; the formation of 

dendritic crystal lithium is prevented. The risk of explosion of combustion is significantly 

reduced.  

5) The electrode material does not contain toxic elements such as Pb, Cd and Hg. So lithium 

ion battery is a kind of clean, pollution-free energy storage technology.  

1.3 Research hotspot of LIB 

Even though the lithium ion battery is a kind of promising energy storage technology, the 

large scale multi-faceted application still faces many problems. For instance, clean 

environment with inert gas protection is needed for the assembling and fabrication of lithium 

ion batteries. The manufacturing cost of high-performance electrode material is still too high. 

Also, the safety problem due to the application of organic electrolyte cannot be ignored. 

Recently, scientists focused on the fabrication of new electrode materials and development of 

better electrolyte. 

1.3.1 Cathode Material  

Material that contains lithium ions and which can be used as cathode material should be able 

to release lithium ions during the charging process and dope lithium ions during the 

discharging. Cathode materials have important influences on the performance of lithium ion 

batteries. Some necessary characteristics for ideal cathode material are listed as follows [7, 

8]: 
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1) The lithium ions should be able to dope into the LixMyXz  structure reversibly. This 

doping-dedoping reaction should be a very rapid reaction.  

2) The transition metal ion Mn+ in the compound LixMyXz has high oxidation-reduction 

potential. The working voltage can be as high as 4 V. 

3) The structure of the material should be stable during the charging and discharging process 

to achieve good cycle performance. 

4) The material should be a good electronic conductor to reduce the internal resistance of the 

battery. 

5) The material is environmental friendly and low-cost.  

Extensive research has been done on LiCoO2 and other layered lithium metal oxides (LiNiO2 

and LiMnO2) as cathode material. Spinel lithium manganese oxide (LiMn2O4) is also 

considered to be a promising cathode material for the high voltage, low cost, well safety 

without environment pollution. 

1.3.2 Anode Material  

The property of anode material affects the whole performance of the battery to a great extent. 

Anode with high capacity and cycle performance should have the following characteristics: 

1) The oxidation-reduction potential of intercalation of lithium ions into the anode material 

should be low to achieve high working voltage.  

2) Highly reversible insertion reaction is needed for rapid charging and discharging, which 

requires high diffusion rate of lithium ions in structure of anode material. 

3) The volume change during the reaction should be controlled in a rational range to avoid 
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significant structure damage. 

4) The material should be non-toxic and low-priced. 

1.4 Novel Anode Material 

To enhance the capacity and cyclability of lithium ion batteries, new material including 

carbons, lithium alloys, transition-metal oxide have been designed and modified to serve as 

anode material during the latest 20 years. According to the component, these advanced anode 

materials can be classified into two main categories: carbon anode and non-carbon anode.  

1.4.1 Carbon Anode Material  

Carbon-containing material is the dominating anode material in the current battery market. 

Various carbon components are able to store lithium ions in the complex structure. There are 

three typical types of carbon materials that have been applied as anode: graphite, hard carbon 

and soft carbon. 

1) Graphite  

Graphite has a layered, planar structure. In each layer, the carbon atoms are arranged in a 

honeycomb lattice. Layers were combined together due to the intermolecular interaction 

called Van der Waals force between the pi networks. The spacing between the two layers is 

estimated to be around 0.34nm. Since Van der Waals attraction is weak, other molecules or 

atoms can easily penetrate and insert into the space between the layers. When reacts with 

lithium ions, one lithium ion can interact with six carbon atoms, as shown in the equation 

below.  

+ -
x 6 6Li C  C  + xLi  + xe→  
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The potential of this graphite anode in comparison with Li+/Li varies from 0.00~0.25V. The 

theoretical specific capacity can be calculated according to the reaction equation and turns 

out to be around 372mAh/g, which is only 1/10 of metallic lithium anode [9].  

  

Figure 1.2. Crystal structures of graphite [10] 

Graphite is soft, lubricous and electronically conductive, the conductivity on the A axis can 

be as high as 2.5×106S/cm. This layer structure enables one layer to slip over another layer 

and leads to rearrangement in itself. The internal mechanical stress caused by the 

rearrangement may result in local structure damage. When working at high 

charging-discharging rates, this deleterious effect may lead to temperature elevation and 

greater disparity of lithium concentration.  

2) CNTs 

Carbon nanotube (CNT) is also a promising anode material for lithium ion batteries [11] for 

the unique one-dimension cylindrical structure and electrical properties. The electronic 

conductivity for CNTs varies from 105(multi walled) ~106 (single walled) S/m. The reversible 

capacity can be as high as 600mAh/g, which is almost twice of graphite. Furthermore, the 

capacity of CNTs can be increased by chemical treatment and surface modification.   

The mechanism of lithium ions intercalation and adsorption in the CNTs has been widely 
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studied by both theoretical and experimental methods. It has been suggested that lithium ions 

are stored in the CNTs via intercalation and alloying [11]. The research carried out by Yang 

[12] proposed a surface mechanism of the lithium ions into the raw end-caped CNTs. 

End-closed CNTs were used to store lithium ions, which indicated that the ions were kept 

only at the surface. Theoretical work using first principle was also carried out by Zhao [13] 

focusing on the lithium storage on the single wall CNTs with both zigzag and armchair 

morphology. The study showed that not only outside but also inside of the CNTs can accept 

lithium intercalation, which results in the enhancement of lithium storage capacity. Senani 

[14] also investigated the adsorption of lithium atoms on the surface of the (12,0) single wall 

carbon nanotube (SWCNT) by using ab initio quantum chemical calculations. The adsorption 

of one lithium atom on the inside of this SWCNT is favored compared to the outside. The 

phenomenon was studied by charge transfer and regional chemical potential density, and a 

adsorption energy difference of 0.13eV was investigated.  

The diffusion of lithium ions in the CNTs is also a hot topic since the diffusion rate strongly 

affects the charging-discharging rate [15]. Khantha [16] studied interaction and diffusion of 

lithium atoms in a (5,5) carbon nanotube using density-functional theory. The Li-nanotube 

interaction perpendicular to the tube axis for a single Li inside and outside the tube is 

calculated and compared with the Li-graphene interaction obtained using the same technique. 

Both interactions are similar in the repulsive region but exhibit differences in their attractive 

part. Nevertheless, they can be described using a common parameterization. The Li-Li 

interaction is calculated as a function of their separation inside the tube. At small separations 
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between Li, the interaction is similar to a screened Coulomb repulsion. At long ranges, the 

interaction displays oscillations due to incomplete screening of ion-ion repulsion superposed 

with the modulation of Li-tube interaction along the axis. This oscillatory ion-ion repulsion 

then favors the concerted diffusion of many Li atoms compared to the independent diffusion 

of individual atoms. This result is consistent with Zhao’s [17] research which revealed 

lithium ions trapped inside SWNTs have high mobility along/around axial direction, whereas 

the radial motion is constrained. This characterizes the equilibrium configurations of lithium 

ions, resulting in Li - nanowires with single or multi-shelled morphologies.  

CNTs with various morphologies have different lithium ion storage performance when used 

as anode materials [18]. The defects, length and diameter of CNTs have significant effects on 

the electrochemical properties. Chemical modification is an effective way to change the 

surface group function and chemical structure of CNTs. Kazume [19] applied the 

density-functional theory to study energetic of lithium ion adsorption on single-wall carbon 

nanotubes. Theoretical calculations indicated that adsorption processes of lithium onto the 

pristine and defective (8,0) SWNT were exothermic with respect to the metallic lithium. On 

the other hand, the lithium adsorption on the (5,5) SWNT could be endothermic depending on 

the defect structures. As the defective ring on the surface became large, the energy barrier for 

lithium diffusion through the ring lowered and the peak position of the barrier shifted toward 

the center of the SWNT. Molecular dynamics simulations results suggested the possibility of 

accumulating lithium ions inside the SWNT with large defective rings. Udomvech [20] 

applied first principles calculations of Li and Li+ adsorbed on the sidewall of carbon 
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nanotubes and studied the effects of CNT diameter and length. Density functional theory 

based on the B3LYP functional and all-electron basis set centered on atoms was employed. 

Carbon nanotubes were modeled by varying the diameter ranging from the chiral vector (6, 0) 

to (12, 0), and by varying the tubule length for the nanotubes having chiral vector (9, 0) from 

1 to 3 unit cells. Based on the study of potential energy surface, it was found that the Li atom 

and cation prefer to localize near the carbon nanotube sidewall and that surface diffusion of 

Li/Li+ can easily take place along the internal sidewall, while being hindered for the external 

sidewall.  

CNTs are promising anode material as anode for lithium ion batteries. Their unique structure 

and morphology made them suited to replace graphite. CNTs have high electronic 

conductivity and high lithium capacity. They are also able to form composite with other 

nanostructures. For instance, metal nanoparticles such as tin and tin antimonide [21, 22] can 

be deposited on the outside and inner surfaces of the CNTs, and these particles are then able 

to form an alloy with the lithium without impeding the insertion/intercalation of lithium into 

the CNTs themselves. This unique structure significantly enhances the lithium diffusion and 

storage capacity.  

There are also some problems that should not be ignored for CNTs as anode material. Even 

though the unique morphology brings extraordinary properties, it is still not easy for 

researchers to precisely control the length, diameter and defects of CNTs. It is important to 

control strictly reaction conditions for growing CNTs. Furthermore, when CNTs are used as 

anode material, more lithium ions will insert into the CNTs and will not ever come out. This 
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irreversible charging reaction will reduce the real capacity of CNTs. Many scientists are still 

carrying on research to bring carbon nanotubes closer to commercial readiness as synthesis 

methods improve and novel anode structures are tried. 

1.4.2 TiO2 and Other Metal Oxide Anode Material  

Besides the traditional metal lithium and carbon materials, nano metal oxides have been 

subjected to the concern of lithium ion battery researchers recently. As is well recognized, the 

transport property of electrons and ions can be adjusted via nanotechnology. Theoretical 

research and experiments [23] have revealed that interface effects and size effects can have 

significant influence on the charge-carrier movements. These effects have provided a new 

thinking for choosing proper anode materials for lithium ion batteries.  

Owing to the small size effect, high surface effect and quantum size effect, nano structured 

material exhibit excellent performance as anode materials. Nano-sized materials provide 

shorter transport distance for lithium ions insertion, which enables a fast diffusion of lithium 

ions during the high-rate charging and discharging process. The diffusion speed of lithium 

ions can be calculate according to the following equation [24]: 

2 /ion LiL Dτ =  

τ is the characteristic transport time, ionL is the intrinsic lithium diffusion distance for lithium 

ions, and LiD is the transport coefficient. It can be noticed from the equation that as the 

diffusion length decreases, the characteristic time will be dramatically reduced, which 

indicates minimize the size of the material and reduce the diffusion distance is an efficient 

way to elevate the lithium ion transport speed. Besides the size effect, nano-sized materials 
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are usually porous and maintain a high surface area, which makes it possible to provide more 

active area for lithium ions to insert of react.  

Since the lithium ions intercalation and electrode reaction were limited by strict 

thermodynamic and kinetic conditions, scientists focus on two kinds of materials that most 

satisfy these restricts. The simplest way is to choose layered structure that enables lithium 

ions to store and move. For example, TiS2, LiCoO2 and other carbon nano materials are able 

to provide high electrochemical capacity and also high diffusion rate of lithium ions [25, 26]. 

Another way is to enhance the properties via doping and modification. A typical example is 

the study carried out by Chung in 2002 [27]. Research showed that controlled cation 

nonstoichiometry combined with solid-solution doping by metals supervalent to lithium ions 

increases the electronic conductivity of LiFePO4 by a factor of ~108. This doped material 

showed a capacity as high as 6000 mAh/g at low charging –discharging rate. 

P. Poizot [28] reported anodes that consist of nano particles of transition-metal oxides 

including Co, Ni, Cu and Fe. These metal oxides performed high electrochemical capacity up 

to 700 mAh/g with little capacity loss after 100 cycles. They also remained 85% of the 

original capacity at the charging rate of 2C. This research indicated that the insertion and 

deinsertion mechanism of lithium ions in the metal oxides was different from the mechanism 

of Li-alloying material. A unique intermediate Li2O was formed during the insertion process, 

together with the reduction and oxidation of metal oxide itself. This higher active 

intermediate was generated in-situ which performed high electrochemical activities and 

enhanced cycle stability. This result showed that nano-sized material could change the way 
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that lithium ions interact with electrode material, which could provide a new guidance and 

encourage researchers to modify the electrodes with nano particles to enhance the 

electrochemical performance. Some novel materials such as Sn oxides and Ti oxides have 

attracted the attention of world-wide researchers 

1) Sn oxides anode material  

SnO2 is the most common oxide of metal Sn, which is a white powder. It cannot be dissolved 

in water but can react with strong acid or alkali [29]. The SnO2 has a rutile structure with 

cations at the corner and center of the cell.  

 
Figure1.3 The lattice structure of SnO2 

There are different types of Sn oxides besides SnO2. Typical SnO2 and SnO perform high 

lithium storage capacity up to 500mAh/g, while there is high irreversible capacity loss during 

the first cycle [30]. It is widely accepted that Tin oxide reacts with lithium in a two step 

process [31] according to the following equations: 

2 2

x

Li + SnO/SnO   Li O +Sn
xLi +Sn  Li Sn( 0<x<4.40)

→
→  

There are various methods to prepare Sn oxides nano structures. Different synthesis methods 
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will result in various electrochemical properties. Courtney [31] pointed out that this 

phenomenon might be related to the size and phase change of Sn aggregation. Low Pressure 

CVD process can be used to fabricate nano-sized SnO2 with smaller size and higher capacity. 

Also, chemical methods including hydrolysis, controlled hydrolysis, sol-gel reactions, and 

surfactant mediated syntheses, ultrasonic and microwave irradiations are commonly used as 

simple ways to synthesis nano-structured Sn oxides. Yu [32] fabricated mesoporous Sn oxides 

using a surfactant templating method. This material showed a hexagonal mesoporous phases 

and performed good electrochemical performance as anode materials for lithium ion batteries, 

with over 400 mAh/g charge capacity and good reversibility.  

For pure Tin oxides anode material, the huge volume changes before and after the charging 

process is another hot topic for scientists. The density for Li, Sn and SnO2 is 2.56g/cm3, 7.29 

g/cm3 and 6.99 g/cm3, which indicates a significant structural distortion. This damage of 

lattice structure will reduce the cycle ability of lithium ions batteries. To improve the 

structure stability, doping technology is widely studied for Tin oxides. Various metal or 

nonmetal oxides such as P, B, Fe, Ti, Ge, Si and Al [31, 33] are doped into the Tin oxides to 

form Tin based composite. Studies revealed that this kind of composite had amorphous 

structure consist of SnO2 center and irregular networking of doped materials. The networking 

structure effectively isolated the active SnO2 centers and reduced the volume change, resulted 

in the enhancement of lithium ion storage capacity.  

2) Titanium oxides anode material  

Titanium oxides, especially TiO2 are widely used as photocatalyst nowadays, and it has also 
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attracted the attention of scientists as novel anode material. There are three basic phase of 

TiO2 including brookite, anatase and rutile. When annealed over 600 , brookite and anatase ℃

phase will evolve to rutile phase. Among the above crystal phases, anatase is considered to be 

better than the other two phases when used as anode material. Figure 1.4 [33] showed the 

lattice structure of anatase TiO2. When lithium inserts into the TiO2 lattice, the following 

reaction will occur.  

+ -
2 x 2TiO  + xLi  +xe   Li TiO→  (x = 0.5 for anatase) 

At the same time, the charge change of Ti4+ to Ti3+ in the sublattice will result in structure 

change and phase transformation. 

 

Figure 1.4. Structure of anatase TiO2 

Many studies have suggested that the electrochemical properties of TiO2 anode material are 

strongly affected by the crystal phase, morphology, surface area and porosity. Various 

chemical methods are used to control these factors in order to enhance the electrode 

performance.  

Kavan [34, 35] fabricated mesoporous thin film TiO2 electrodes using hydrolysis of TiCl4 in 

the presence of poly(alkylene oxide) block copolymer, Pluronic P-123, acting as a 
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structure-directing agent. These nano structure performed unique electrochemical properties. 

Cyclic voltammograms showed that two extra red-ox peaks appeared at low voltage (1.5V 

and 1.6V), which were considered to be the characteristic peaks of the mesoporous skeleton. 

When modified by mechanical or thermal treatment, the regular mesoporous structure was 

destroyed resulting in the disappearance of the skeleton peaks. The same result was acquired 

when Kavan synthesized self-organized nanocrystalline anatase films by sol-gel process. 

Ordered structure that formed at lower temperature showed higher insertion capacity than the 

irregular structures.  

Another remarkable work was done by Bruce [36] that prepared TiO2-B nanowires using 

hydrothermal method under strong alkali condition. The lithium insertion capacity of this 

unique nanowire structure was much higher than traditional bulk TiO2 material. The specific 

capacity can be as high as 200mAh/g under the charging rate of 200mAh/g. When the 

charging rate was elevated to 3000mA/g, the material remained a capacity of 85mAh/g, 

which indicated outstanding cycle stability. 

Kavan and co-workers [37] also carried out studies that prepared nanostructured TiO2 using 

TiCl4 and NaOH under hydrothermal conditions. TEM results showed the material appeared 

to be nanowires and nanosheets. XRD results indicated the nanowires did not perform distinct 

diffraction peaks, but still maintained a low-range ordered structure. This material had same 

red-ox peaks at low voltage range as TiO2-B nanowires, which might be caused by the open 

pore structure that enabled lithium ions to rapidly transport and diffuse. Related work has 

also been carried out by Zhou [38] and Gao [39] who prepared anatase TiO2 nanowires and 
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nanorods via hydrothermal reaction. These two materials both performed lithium insertion 

capacity around 200mAh/g, which was much higher than the theoretical capacity of bulk 

anatase TiO2.   

Pure TiO2 materials have much lower electronic conductivity compared to traditional carbon 

anode, which will hinder the fast transportation and diffusion of lithium ions. In order to 

further enhance the electrochemical performance of TiO2 based material while maintaining 

the advantages of the nanosized structure, TiO2/C composite has been developed to assist the 

lithium storage rate of TiO2 by offering electrons. Carbon materials with high electronic 

conductivity including CNTs, carbon black and graphite have been combined with TiO2 to 

form various composite.  

Cao [40] prepared a well-organized CNT-TiO2 core/porous coaxial nanocable via hydrolysis 

process. This composite performed high specific capacity when used as anodes at a current 

density of 5000 mA/g. This value was almost three times of pure TiO2 capacity under the 

same current density. Similar technology was also used to fabricate super capacitor materials 

with high energy density.  

Novel material like graphene has also been used to assist the TiO2 anode material. Meng [41] 

synthesized gaphene-based TiO2 nano sheets by atomic layer deposition technology using 

titanium isopropoxide and water as precursor. It was indicated that by adjusting the 

temperature during the depositing process, the morphology of this composite could be tuned. 

This controllable synthesis method provides a new way to design high-performance anode 

material. Gao [42] also reported in-situ synthesis of TiO2-graphene nanosheets by reduction 
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reaction of TiO2-GO composite. A uniform and homogenous dispersion of TiO2 nano 

particles on the graphene sheets were achieved, which exhibited high reversible specific 

capacity and excellent rate performance.  

1.5 Summary 

As lithium ion battery has been considered as the most promising energy storage technology, 

the research on developing high performance electrode materials is of great importance. 

Metal oxide, especially TiO2 is one of the most attractive anode materials for lithium ion 

batteries for its high capacity, stability and cycle performance.  

Many studies have been carried out to synthesize TiO2 nanostructure with unique morphology 

and properties. In these works, expensive precursor such as titanium butoxide is widely used 

which makes it difficult to commercialize the synthesis process. Furthermore, restrict reaction 

condition like hydrothermal or CVD is required, which lowers the production efficiency. 

Thus, developing a low-cost and efficient way to fabricate TiO2 anode material with good 

electrochemical performance is of great importance.   

This work focused on the fabrication of porous TiO2 electrode material via aerosol method. 

Spherical TiO2 nano particles with controllable porosity and surface area were achieved using 

a low-cost precursor TiCl4. Carbon compound including carbon black, carbon nanotube and 

graphene were used to modify the TiO2 material using both aerosol and hydrothermal method. 

The TiO2-carbon composite performed high capacity, conductivity and better cycliability. 
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Chapter 2 Experimental Methods 

2.1 Overview 

This work focuses on the fabrication of high performance TiO2 nanostructure for lithium ion 

batteries. The experimental procedure consists of three main parts: (1) the preparation of TiO2 

porous particles via aerosol method; (2) the synthesis of TiO2/carbon composite using direct 

aerosol or hydrothermal method; (3) the characterization of electrochemical performance of 

these nanostructures as anode material. 

2.2 Material Perpetration  

2.2.1 Chemical Preparation  

1) Preparation of precursor TiCl4 

In this work, TiCl4 aqueous solution was used as the precursor for fabrication of TiO2. 

Compared to other organic Ti sources, TiCl4 is low cost and has a high content of titanium 

element. TiCl4 is a liquid a metal halide which is highly volatile and corrosive. It is able to 

hydrolysis and form TiO2 particles under room temperature. In order to prevent the TiCl4 

hydrolysis before the aerosol process, the TiCl4 aqueous solution was prepared at a low 

temperature of 77K.  

5mL TiCl4 liquid was added in to a pre-evacuated flask and was immersed into a liquid 

nitrogen tank to maintain low temperature. 15mL deionized water was then added into the 

hermetically sealed flask using a syringe. TiCl4 slowly reacted with water and generated 

much heat; at last a clear yellow solution was obtained. The concentration of TiCl4 is 

calculated to be around 0.863g/mL. 
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2) Functionalization of CNTs  

Since the TiCl4 was dissolved into water and formed aqueous solution, CNTs used in this 

work need to be dispersed in water solution as well. There are many ways to increase the 

dispersibility of CNTs in water including both physical and chemical methods. Among all 

these technologies, oxidation with strong acid is the most common and efficient way to 

functionalize CNTs [43, 44].  

The CNTs were oxidized according to Esumi’s [45] method. Raw carbon nanotubes were 

suspended into a mixed solution of nitric acid and sulfuric acid with a volume ratio of 1:3. 

The mixed slurry was refluxed at 373K for 4 hours. The slurry was centrifuged and washed 

with deionized water for several times until the pH of solution reached 7 and then dried at 

room temperature. When the oxidized CNTs were dissolved in water, a homogenous and 

well-dispersed solution was achieved.   

3) Oxidation of graphite 

Graphene oxide was prepared according to Hummer’s [46] method to increase the dispersity 

and reaction ability with TiO2. Graphite flake was gradually added into concentrated sulfuric 

acid containing K2S2O8 and P2O5 and stirred for 2hours. After the slurry was cooled to room 

temperature, deionized water was used to wash away the acid. The preoxidized graphite 

powder was then added to a mixture of sulfuric acid and KMnO4 in an ice bath. NaNO3 was 

gradually added into the solution with constantly stirring. The slurry was then heated to 35 °C 

for 1 h. After the oxidation reaction with H2O2, the slurry was washed with plenty of 

deionized water to remove the acid and dried at room temperature. At last a deep yellow layer 
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structure was achieved. 

2.2.2 Aerosol method 

An aerosol can is defined as a system of solid or liquid particles suspended in air or other 

gaseous environment. It is a novel one-step method to prepare nano-sized particles with 

controllable morphology. Figure 2.1 showed the schematic of the one-step aerosol process. 

 
Figure 2.1. Diagram of aerosol reactor [47]   

The preparation of porous TiO2 particles starts from the solution of TiCl4 aqueous solution 

with surfactant F127. An atomizer was used to turn the solution into tiny droplets with pure 

N2 as the carrier gas. This atomizer produces aerosol droplets with a size distribution 

characterized by a geometric standard deviation of 2. The pressure drop at the pinhole was 

2.4 atm. The droplets were dried at 400℃ along the furnace tube and finally collected by a 

filter membrane and calcined at different temperature.  

2.2.3 Hydrothermal Method 

The hydrothermal technique has been most popular, garnering interest from scientists and 

technologists of different disciplines, particularly in the last 15 years. The hydrothermal 

reaction takes place in hot water under high pressure, usually an autoclave and muffle furnace 

to achieve desired temperature and pressure. Under the hydrothermal condition, the solubility 
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of chemicals in water is dramatically increased and unique morphology can be achieved at a 

controlled stoichiometry. In this work, hydrothermal method was used to deposit the carbon 

component (CNT, Graphene) onto the porous TiO2 particles.  

2.3 Characterizations of Material Structure  

2.3.1 XRD 

XRD is the abbreviation of X-ray diffraction. It’s a non-destructive and versatile technique of 

knowing the component, inside structure and units of materials and inside atom and molecule 

via X-ray diffraction and analyzing diffraction map of the material. It has been widely used in 

the research of metal and alloy after being discovered and contributes a lot during research.  

In 1913, British physicists W.H.Bragg and W.L.Bragg determined the structure of KCl crystal 

and NaCl crystal based on M.von’s discovery and provided the famous equation called 

Bragg’s law: 

2 ?d sin nθ λ=  

where n is any integer, λ is the wavelength of the incident X-ray beam, d is the distance 

between atomic layers in a crystal and θ is the incident angle. This equation can be used to 

identify different crystal structure. Since each crystal has its unique structural parameter and 

produces a unique diffraction pattern, XRD technology can help to identify different phases 

of the same compound with the diffraction data. In this work, XRD was used to analyze the 

crystal phase of TiO2 sample under different calcinations conditions.  

2.3.2 BET 

Surface area of a powder is usually determined by the physical adsorption of a gas (usually 
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N2) onto the surface of the sample at liquid nitrogen temperatures. BET (Brunauer, Emmett 

and Teller) theory is commonly used to evaluate the gas adsorption data and generate a 

specific surface area result expressed in units of area per mass of sample. The theory is based 

on the assumption that multilayer adsorption of gas molecules takes place at the surface of 

solid samples, and Langmuir theory can be applied to each of the monolayer. Based on the 

BET theory, the surface area and pore properties can be calculated from the adsorption and 

sorption isotherm. In our work, porous TiO2 particles were synthesized via aerosol or 

hydrothermal process, the surface property, pore volume and distribution were calculated and 

discussed.  

2.3.3 TEM 

Transmission electron microscopy (TEM) is an advanced technology to analysis the 

properties and composition of various types of samples. When analyzing a sample with TEM, 

high-energy electron beam hits and interacts with sample as it passes through. An image of 

the specimen is formed from the interaction of the electrons transmitted through the specimen, 

which provides high resolution surface inspection and backscatter analysis of samples. In our 

work, TEM was used to observe nano-structures of the particles.   

2.4 Electrode Preparation and Cell Assembly 

In order to investigate the electrochemical properties as anode material, the original samples 

need to be prepared as electrodes and assembled into cells. Different cell types including 

cylindrical, coin (button), Swagelok, and pouch cells are commonly used in research. In this 

work, coin cells were used since the amount of materials available is limited and the specific 
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capacity can be easily calculated.  

40mg dried sample particles were mixed with 5mg of carbon black, 5mg of binder (PVdF) 

and finely grinded. The mixture was added into 300 μL N-methylpyrrolinone (NMP) solvent 

and stirred until well mixed. Since TiO2 sample was used as anode material, the viscous 

slurry was carefully spread onto a thin chip of copper and dried under vacuum. The weight of 

each copper chip was weighed and recorded before and after applying the slurry to calculate 

the mass of the active material.  

The coin cell consists of can, anode, electrolyte, gasket, separator, cathode, and cap. The 

assembling process was carried out in a glove box to avoid oxygen and water. LiPF6 was used 

as electrolyte and metal lithium was used as counter electrode. The assembled cell was then 

sealed by pressing together the cell. 

2.5 Electrochemical Performance Characterizations 

2.5.1 Cyclic Voltammetry (CV) Techniques 

Cyclic voltammetry is a convenient technique that consists of applying a linear voltage sweep 

with constant scan rate v between two predetermined potential values. It measures the change 

of current generated between a working electrode and a counter electrode according to the 

applied potential. 

In a half-cell system, positive currents correspond to oxidation processes and negative 

currents to reduction processes. The CV figure typically shows two peaks, one when 

increasing the potential and one when decreasing the potential. In this work, CV was applied 

at a low scan rate of 0.5mV/s during the voltage window of 1~3V to determine the reactions 
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occurring at various electrode materials. 

2.5.2 Galvanostatic Techniques 

In this work, the capacity of the assembled cells was determined by re charging and 

discharging tests. The measurement was conducted under a constant current density, and the 

charging/discharging capacities (Q) were calculated by the product of current density (I) and 

charging/discharging time (t). The cut-off voltage for the anode material in this work is 

around 1~3V. In lithium-ion battery testing, the C-rate property of the material was also 

estimated by carrying out the tests under different current densities. Charge/discharge the cell 

at C/n rate means completely charge/discharge the cell within n hour. In this work, the 

charging/discharging rate varies from 0.5C to 5C. 

2.5.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is the response of an electrochemical cell to an 

applied potential. During the EIS test, small sinusoidal stimulus of voltage or current is 

applied to an electrochemical system over a large frequency domain and the current voltage 

change is measured. The charge transfer resistance can be calculated through this EIS 

measurement. Typical impedance curve (Nyquist curve) consists of a compressed semicircle 

in the medium-frequency region and an inclined line in the low frequency range. The radius 

of the semicircle refers to the charge-transfer resistance and the slope of the inclined line is 

assigned to be the Warburg impedance.  
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Chapter 3 Results and Discussion  

3.1 Fabrication of Pure TiO2 Anode Material 

3.1.1 Introduction 

In this work, TiO2 nano particles were synthesized via aerosol method. TiCl4 aqueous 

solution was used as a low-cost precursor in all the experiments. Pluronic F127, a non-ionic 

surfactant was used as pore forming additive. Various amount of Pluronic F127 was added 

into a diluted TiCl4 solution with a TiO2 concentration of 1mg/mL and stirred at room 

temperature for 30min for well mixing. The TiCl4-surfacant solution was then transferred to a 

flask and connected to the atomizer. N2 was used as carrier gas to turn the solution into 

nano-sized droplets. These droplets moved through the furnace at 400℃ and were finally 

collected and calcined at various temperature.  

During the calcination process, the surfactant will decompose and form pore structure. The 

amount of surfactant strongly affects the porosity and the behavior of material. In this section, 

the effects of concentration of surfactant, the calcination temperature on the morphology and 

material performance were studied. 

3.1.2 Calcination Temperature Study 

1) XRD results  

TiO2 particles with a porosity of 37% were particles were first synthesized according to the 

experimental procedure described in chapter 2. The aerosol process lasted for 7 hours, 200mg 

of raw material with white color were collected. Figure 3.1 showed the XRD results for the 

raw material. This figure indicated that the particles without calcination performed 
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amorphous structure. There were no significant characteristic peaks during the diffraction 

angle range from 5~80 degree. 

 
Figure 3.1 XRD pattern of TiO2 before calcination 

The product was then first calcined with O2 at different temperatures.  Figure 3.2 showed 

the XRD patterns for the chosen calcination conditions. It can be seen from the XRD figures 

that when calcined at low temperature as 200  or 300 , the sample maintained basically ℃ ℃

amorphous structure, only a low peak appeared around 25 degree. In order to obtain a highly 

crystallized structure, the calcination temperature was elevated to 350  and the calcination ℃

time was also increased to 3 hours. Figure 3.2(c) showed that at 350  all the characteristic ℃

peaks for the sample were displayed clearly. These peaks were compared to the standard TiO2 

XRD patterns and were recognized to be pure anatase phase. Furthermore, the peaks became 

gradually more intense with increasing calcination temperature to 400℃, which indicated that 

the TiO2 aerosol samples achieved high crystallinity at the temperature high than 350 .℃  
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Figure 3.2 XRD patterns for TiO2 particles under different calcination temperature under O2 

atmosphere. (a) 200 for 2hr; (b) 300 for 2hr; (c) 350 for 3hr; (d) 400 for 3hr℃ ℃ ℃ ℃ . 

Similar calcination experiments were carried for the raw sample under a N2 atmosphere. In 

this thesis we proposed to add carbon component in the following experiments, studying 

calcination process under N2 atmosphere is necessary since carbon component may easily 

decompose in O2 atmosphere at a high temperature. Figure 3.3 gave the XRD patterns for 

TiO2 samples after calcination in N2.  

  

(a) (b) 

(c) (d) 

(a) (b) 
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Figure 3.3 XRD patterns for TiO2 particles under different calcination temperature under N2 

atmosphere. (a) 200 for 2hr; (b) 3℃ 50 for ℃ 3hr; (c) 400 for 3hr; (d)℃  200  for 1hr and ℃

450  for 2hr℃ . 

It can be noticed from the XRD results was slightly different from the experiments carried 

out in O2. When the calcination temperature reached 350 , the sample still remained ℃

amorphous structure. At higher temperature of 400 , ℃ samples under N2 treatment showed 

the only one main characteristic peak of anatase at 25.5 degree while samples under O2 

treatment performed all the anatase peaks. When we increased the calcination temperature to 

450 , ℃ the sample showed a highly crystallized anatase structure. It can be denoted from the 

results that when N2 was used during the calcination process, higher temperature was needed 

for TiO2 to get crystallized.  

2) BET results 

BET tests were carried for highly crystallized samples to determine the surface properties 

including surface area, pore volume and pore diameter. The adsorption and desorption 

isotherm of the samples were exhibited in Figure 3.4.  

(c) (d) 
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Figure 3.4. Nitrogen adsorption-desorption isotherm for TiO2 after calcination. (a) 400 for ℃

3hr in O2; (b) 200  for 1hr and 450℃ ℃ for 2hr in N2. 

It can be noticed form the figure that both samples showed a hysteresis loop on their 

adsorption-desorption isotherm, which indicated the existence of pores [48].The difference 

between the adsorption and desorption curve was due to the capillary condensation taking 

place in the mesopores (2nm~50nm) structure, which can be calculated according to Kelvin 

equation. The initial part of the isotherm was attributed to monolayer-multilayer adsorption. 

Both samples had similar pore structure since the pore-forming agent (F127) mainly 

determined the pore size. Other surface properties obtained by BET tests were listed in 

Table3.1. 

Table3.1 revealed that even though the same surfactant was used during the aerosol process, 

different pore properties were achieved after the calcination process. This difference might be 

caused by the incomplete decomposition of surfactant in N2 atmosphere. Yu [47] also reported 

the pore property change of TiO2 under different calcination temperature, the pore size 

decreased as the temperature increased. He suggested this trend was caused by the sintering 

of small crystals and the evolution of anatase phase to the rutile phase. In our work, it can be 

noticed from Figure3.3 (d) that a shoulder peak around 28 ° appeared, which might be the 
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peak of rutile (110). 

Table 3.1 BET properties of pure TiO2 samples 

 
Surface Area 

(m2/g) 
Pore Diameter 

(nm) 

400  O℃ 2 122.96 6.14 

450  N℃ 2 54.97 3.35 

 

3) TEM results 

Transmission electron microscope was used to investigate the morphology of the samples. 

Figure 3.5 depicted the TEM images for sample under O2 and N2 calcination at different 

resolutions. From the image it can be noticed that spherical particles with a diameter of 

10nm~200nm were achieved using aerosol method. The size distribution of the particles was 

quite wide, which might be caused by the fluctuation of the carrier gas speed and the pressure 

change in the atomizer. Figure3.5 (b) and (d) showed the material image at higher resolution; 

a regular porous structure was clearly observed. These pores were obtained by the 

decomposition of surfactant and provided high surface area which would benefit the 

interaction with lithium ions.  
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Figure 3.5 TEM images of TiO2 after calcination. (a)(b) 400 for 3hr in O℃ 2; (c)(d) 

200  for 1hr and 450  for 2hr in N℃ ℃ 2. 

3.1.3 Porosity Control and Physical Characterization 

According to section 3.1.2, spherical and porous TiO2 nano-particles were synthesized using 

aerosol method. For porous materials, surface property and porosity is very important for its 

electrochemical application. In this section, surfactant concentration was changed; the 

correlations between surface property and anode performance were thoroughly investigated.  

The experimental procedure was the same as described before, the amount of Pluronic F127 

added into TiCl4 solution was changed to achieve porosity of 50%, 60%, 70% and 80%. All 

(a) (b) 

(c) (d) 
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the samples were annealed at 450~500  for 3℃ ~4 hours to obtain crystal structure.  

1) XRD results 

Figure3.6 showed the XRD patterns for TiO2 samples with different porosity. It can be 

noticed that all the samples had a mainly anatase structure with a characteristic peak at 25.4° 

(101). During the experiments, samples of high porosity required a higher calcination 

temperature to obtain better crystallinity. For samples with 80% porosity, annealing process 

was carried out at 500  ℃ for 4 hours to achieve a clear crystallized XRD pattern. As the 

annealing temperature increased, a should peak at 28°appeared, which might be the main 

peak of rutile(110). Many research results suggested that anatase phase performed better 

electrochemical properties. The calcination temperature should be carefully controlled to 

maintain the anatase phase and prevent the transition to rutile phase. 

 
Figure 3.6. XRD patterns for TiO2 samples with various porosity 
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2) BET results 

BET tests were carried out to determine the surface area and pore property of the samples. 

Figure 3.7 showed the adsorption-desorption isotherm for the samples with different porosity. 

All the porous TiO2 samples performed same type of isotherm that had a hysteresis loop 

which denoted the existence of meso-pores.  

  

  
Figure3.7. BET isotherm for TiO2 sample with various porosities.  

(a) 50%; (b) 60%; (c) 70%; (d) 80%. 

The calculated pore properties were listed in Table3.2. When the amount of surfactant was 

increased to 50%, the surface area dramatically increased to approximately 4 times of the 

original value. As the porosity increased, the surface area, pore volume gradually increased 

and reached a maximum at the calculated porosity of 70%.  

 
 

(a) (b) 

(c) (d) 
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Table 3.2 BET properties for samples with various porosity  

Porosity 
Surface Area 

(m2/g) 
Pore Diameter 

(nm) 
Pore Volume 

(cm3/g) 

36.8% 54.97 3.35 0.04435 

50% 203.7342 4.13068 0.21039 

60% 252.8215 4.04887 0.25591 

70% 281.4174 5.13532 0.36129 

80% 264.2258 4.71871 0.3117 

The relationship between porosity and surface property was summarized in Figure 3.8 for a 

visual representation. It illustrated that at the porosity of 70%, the sample obtained highest 

surface area, average pore diameter and pore volume. As the porosity further increased to 

80%, higher calcination was needed to completely decomposing the surfactant. This might 

cause the sintering of fine particles and the diminishment of pore structure, which had 

negative effects on the performance of materials.  
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Figure 3.8. Surface property changes for samples with different porosity 

The pore size distribution results were also illustrated in Figure 3.9. Pore size for all the 

samples located in the diameter range of 2~10nm. When the porosity was 60%, the narrowest 

pore size distribution was observed which indicated this sample had more regular structure. 

According to the BET results, sample that has porosity around 60% or 70% had high surface 

area, large pore volume and narrow pore size distribution. These characteristic might bring 

good electrochemical performance.  
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Figure 3.9 Pore size distributions of TiO2 samples 

3.1.4 Electrochemical Characterization 

1) Charging-discharging  

The TiO2 samples were prepared as anode slurry and assembled into coin cells according 

to the procedure described in section 2. The charging-discharging capacity was measured 

using galvanostatic technique. Figure3.10. showed the discharging capacity of the 

samples under intensity of 0.2C.  

 
Figure 3.10. Cycling performance of TiO2 anode with various porosities at 0.2C  
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It can be noticed from the figure that under the same charging-discharging rate, samples with 

various porosities performed dramatically different capacity. The discharging capacity in the 

first cycle reached 230mAh/g, which was higher than the theoretical capacity of anatase 

anode material [47] (168mAh/g). Samples with 60% porosity showed a discharge capacity of 

210 mAh/g in the first cycle and high cycle efficiency Good capacity retention was realized 

over extended cycling. After charging and discharging for 50 times under 0.2C, this sample 

remained capacity of 145mAh/g, which was approximately 70% of its initial discharge 

capacity. The Coulombic efficiency was nearly 100% at each cycle which indicated no 

irreversible side reaction. Capacity of other samples significantly declined as charging 

-discharging cycle increased. For samples with porosities of 50%, 70% and 80%, specific 

capacity after 50 cycles was less than 120mAh/g. 

2) Impendance 

The internal resistance of the coin cells was tested by the impendance technology and 

displayed in the Nyquist plot shown as Figure 3.11. From the plot, it can be noticed that only 

60% and 80% samples showed semi-circle behavior in the medium to high frequency range, 

which indicated the charge transfer resistance during the charging-discharging process. 60% 

samples had clear semi cycle with smaller radius than the 80% sample, which resulted in the 

faster electro transport ability in the electrode. 50% and 70% samples did not show clear semi 

cycle in the high frequency range, which may caused by the large transfer resistance. 

Compared to charging-discharging results, an obvious and direct correspondence between 

capacity and resistance can be observed. Sample with porosity of 60% showed smallest 



39 
 

charge transfer resistance and highest specific capacity, which may be caused by the high 

surface area and uniform pore distribution. 

 
Figure 3.11. Nyquist plots of electrodes with various porosity 

3) CV 

CV tests were carried out to investigate the lithium ion insertion behavior for the TiO2 anode 

samples. Figure 3.12 showed the representative cyclic voltammograms for the TiO2 with 60% 

porosity at a sweep rate of 0.5mV/s for the 1st and 2nd cycles. The potential range used in the 

tests was 1~3V. There were two clear cathodic/anodic peaks located at 1.68 and 2.06 V 

(versus Li/Li+) which should be referred to the lithium ion insertion/extraction in the anatase 

lattice, as reported in many previous studies. These two peaks corresponded with the plateau 

observed in the discharging-discharging process as shown in Figure3.13.  
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Figure 3.12 CV plot of 60% porosity sample for the 1St and 2nd cycles 

 
Figure 3.13 Capacity-voltage plot of 60% porosity sample during charging-discharging 

4)  Rate property 

From the above results, it is obvious that sample with 60% porosity performed high capacity 

and cycling ability. In order to further investigate the sample behavior, rate property tests 

were carried out under different charging-discharging current densities. Figure3.12 showed 

the specific capacity of 60% sample at 0.2C, 0.5C, 1C and 2C. As can be seen in Figure 3.14, 

the capacity performance of the material decreased as the C-rate increased for both charging 
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and discharging process. When the current density was elevated to 2C, the sample performed 

capacity of only 30mAh/g. Under higher rates such as 5C, the samples showed almost zero 

capacity, which was not illustrated in this figure. It should also be noticed that the sample 

remained nearly 100% charging and discharging efficiency. 

 
Figure 3.14 Specific capacity of 60% TiO2 sample at different charge/discharge rates 

3.2 TiO2/Carbon Anode Material 

3.2.1 Direct Synthesis Using Aerosol Method and Characterization  

In order to enhance the electron conductivity for the TiO2 material, various carbon 

components were used to form TiO2/carbon composite. Based on the pure TiO2 results in 

section 3.1, the surfactant amount was fixed at 60% to obtain best electrochemical properties. 

Carbon black, oxidized CNTs and graphene oxide were added into the TiCl4-F127 solution at 

a mass ratio of 20%. The mixture was then stirred and placed in ultrasonic for 30mins to 

obtain perfect mixing. After the carbon components were well dispersed into the solution, an 

aerosol experiment was carried out to fabrication TiO2/carbon composite. TiCl4, surfactant, 

carbon dissolved in the small droplets formed by atomizer and was finally collected and 
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annealed under N2 atmosphere at temperature between 550~600℃.  

1) XRD 

XRD experiments were carried out to investigate the crustal structure of TiO2/carbon samples 

after proper calcination, as shown in Figure3.15. 

  

 
Figure3.15 XRD patterns for TiO2/carbon composites from aerosol method 

Figure 3.15 denoted that when various types of carbon source were added into the system, no 

significant crystal change was observed from the XRD results. According the literature 

[49-51], CNTs and carbon black had strong diffraction peaks at 26° (002) and 42.4°(100). In 

Figure3.15 (a) and (b), the patterns did not show the existence of these peaks, which might 

indicate that CNTs and carbon black formed amorphous structure after the aerosol and 

calcination process. For the case of graphene oxide, it was also reported that GO performed a 

characteristic peak at 10°[52] which corresponded to reflection from the (002) plane. 

Reduced graphene oxide had a peak around 23°, the 43° peak corresponded to the turbostratic 

CNT20% CB20% 

GO20% GO10% 
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band of disordered carbon materials [53]. Figure 3.15 (d) showed no peak at 23°, but a rutile 

(110) peak at 27.5° and (111) peak at 41.3° can be observed. This pattern denoted the 

existence of rutile phase, which might be caused by the phase transition at high annealing 

temperature.  

2) BET 

BET tests were used to study the surface properties of the composite samples. All the samples 

showed adsorption-desorption isotherm similar as pure TiO2 sample. The curves had 

hysteresis loops that indicated the mesoporous structure. The calculated BET results for the 

TiO2/carbon composite were listed in Table3.3.  

Table 3.3 BET properties of TiO2/carbon composite 

 
Surface Area 

(m2/g) 

Pore Diameter 

(nm) 

Pore Volume 

(cm3/g) 

CNT20% 183.13  8.341  0.38189 

CB20% 174.16 6.772 0.30448 

GO20% 206.14  4.461  0.22991 

GO10% 268.68 4.800 0.32244 

Compared to pure TiO2 sample with the same porosity, the pore diameter significantly 

changed. When surfactant F127 was used as pore forming substance, the size of micelle 

formed in the solution determined the pore size. For pure TiO2 samples, the F127 amount 

change did not affect CMC (Critical Micelle Concentration), the pore size was restricted 

between 4~5nm. When carbon component was added into the solution, the pore size was 
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enhanced; this phenomenon might be caused by the interaction of carbon components with 

micelle. It can be also noticed that samples with carbon black performed highest surface area. 

The pore size distribution was illustrated in Figure3.16.Sample with CNT doping performed 

largest average pore size of 8.341nm and a wide size distribution. Sample with CB doping 

had more small pores with diameter. GO added samples performed similar pore distribution 

as the pure TiO2 sample, as shown in Figure3.9. Most of the pores had a diameter of 4~6nm.  

 
Figure 3.16 Pore size distribution of TiO2/carbon composite 

3) Impedance 

The TiO2/carbon samples were prepared as electrode slurry and assembled into coin cells to 

test the electrochemical properties. The impedance results for cells were illustrated in Figure 

3.17.  
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Figure 3.17 Nyquist plots of TiO2/carbon electrodes  

It can be noticed that most of the profiles exhibited a semicircle in the medium frequency 

region and an inclined line in the low frequency range expect the sample with CNTs. The 

numerical value of the diameter of the semicircle on the Z’ (a) axis gave an approximate 

indication of the charge transfer resistance (Rct). From the Nyquist plots in Figure 3.17, the 

electrode made of TiO2/GO20 showed the lowest charge transfer resistance, indicating better 

ion transport ability than the pure TiO2 sample. TiO2/GO10 sample also had small semi cycle, 

suggesting good conductivity. The Nyquist plot of TiO2/CNT20 sample had no obvious semi 

cycle in the high frequency range. The inclined line appeared in the low frequency range can 

be considered to be the Warburg impedance (Zw), which was associated with lithium ion 

diffusion in the TiO2/C structure. 

4) Long-range charging 

Figure3.18 showed the discharging capacities for TiO2/C composite anode material. The 

cycling procedure was carried out between 1.0 V and 3.0 V (v.s. Li/Li+) at a specific current 

of 35 mA /g (0.2C). When doped with carbon components, the anodes performed 
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dramatically different capacity ability. TiO2/GO20 sample performed first cycle discharging 

capacity as high as 280mAh/g and rapidly decreased to lower than 140mAh/g after 20cycles. 

Same trend was observed for the TiO2/CNT sample. The capacity dropped to 100mAh/g from 

the initial value of 200mAh/g. TiO2/CB20 and TiO2/GO10 samples performed relatively 

stable capacity ability. After 20 cycles, the TiO2/GO10 sample maintained a specific capacity 

of 160mAh/g, which was much higher than the TiO2/CB sample (120mAh/g). This result 

corresponded with the impedance data that TiO2/CNT20 sample performed low charge 

transfer and low capacity.  

 
Figure 3.18 Cycling performances of TiO2/C anodes at 0.2C 

5) Rate property of TiO2/GO sample 

From the above results, it was obvious that TiO2/GO10 sample had high pore volume and 

surface area, which enhanced the interaction between lithium ion interactions. The doping of 

graphene oxide layer structure increased the charge transfer ability in the anode, resulting in 

low charge transfer resistance and high capacity. 

Figure 3.19 gave the electrochemical performances for the TiO2/GO10 anode. CV plots show 
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in Figure3.19 (a) indicated that two significant redox peaks at 1.5V and 2.1V at the scanning 

rate of 0.5mV/s. These peaks [54] suggested the insertion/deinsertion of lithium ions into the 

anatase structure, which corresponded with the plateaus observed in the charging-discharging 

curve shown as Figure 3.19(b).   

  
Figure 3.19 Electrochemical performances of TiO2/GO10 anode. (a) CV plot for 1st and 

2nd cycles; (b) Charging-discharging curve 

Figure 3.20 showed the rate property of this TiO2/GO10 anode material. When cycled at low 

specific current of 35mAh/g (0.2C), the anode performed a reversible capacity of 

220~160mAh/g. When the current density increased, the anode maintained high specific 

capacity and Coulombic efficiency. When the current density was elevated to 5C, GO doped 

sample had capacity of 60mAh/g. this results indicated that TiO2/GO10 sample had better rate 

performance compared to pure TiO2 samples. This enhancement may caused by the high 

charge transfer ability of GO component.  

(b) (a) 



48 
 

 
Figure 3.20 Rate performances of TiO2/GO10 anode 

3.2.2 Hydrothermal Method and Characterization 

TiO2/GO10 anode prepared by direct aerosol method performed excellent electrochemical 

properties, which indicated the doping of graphene oxide was able to enhance the battery 

performance. In this work, hydrothermal method was also used to dope GO onto TiO2. Pure 

TiO2 samples prepared using aerosol method with 60% porosity was dispersed into 100mL 

deionized water. Graphene oxide with the weight ratio of 10% was also dissolved into the 

suspension. Ultrasonic treatment was then carried out for 30min to obtain well mixing. The 

suspension was then transferred to a Teflon-sealed autoclave and maintained at 120  for ℃

24hours. The product was separated by centrifugation and washed several times to remove 

the attached ions. Finally, this sample was dried at room temperature and finely grinded.  
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Figure 3.21 Physical and electrochemical properties of hydrothermal TiO2/GO sample. 
(a)XRD pattern; (b) BET isotherm; (c) Charging-discharging; (d) Rate ability. 

Figure 3.21 (a) showed the XRD pattern for this hydrothermal sample. The main crystal was 

anatase structure while rutile (110) peak appeared at 27.5°. The sample was dried at room 

temperature, the main peak of graphene (002) plane should be noticed on the figure, but our 

sample showed no such peak around 10°. BET isotherm showed in Figure 3.21(b) indicated 

the existence of mesoporous structure. The surface area was calculated to be 305.46 m2/g, 

which is the highest among all the samples. The average pore diameter was 4.11nm, similar 

as pure TiO2 samples. This suggested that graphene oxide enhanced the surface area but did 

not affect the pore structure.  

The electrochemical properties were illustrated in Figure 3.21(c) and (d). During the 

charging-discharging process, reversible insertion-deinsertion reactions happened at 1.7V and 

(a) (b) 

(c) (d) 
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2.0V. When the current density was 0.2C (35mAh/g), the specific capacity fluctuated around 

145~150mAh/g. As the current density increased, capacity of this sample rapidly decreased to 

less than 30mAh/g, indicating poor rate ability. Compared to direct aerosol method, it can be 

noticed that hydrothermal method did not enhance the capacity or rate ability. 
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Chapter 4 Conclusion and Outlook  

This master thesis presents the research work in titanium dioxide nanoparticles in electrodes 

for Li-ion batteries. Porous nano-sized TiO2 and TiO2/carbon particles were fabricated via 

direct aerosol method and hydrothermal method using TiCl4 as precursor. We focused on 

electrode preparation, nanoparticle synthesis, and electrochemical characterization of 

different samples.  

For the pure TiO2 anatase phase materials, surfactant ratio strongly affected the physical and 

electrochemical performance. Sample with a porosity of 60% had narrow pore distribution, 

resulting in good electrode performance. After 50 cycles under 0.2C, the material maintained 

approximately 150mAh/g capacity. When the discharging current density was elevated to 2C, 

the material capacity dropped to 30mAh/g.  

To further enhance the electrode performance, various carbon sources such as carbon black, 

CNTs and GO were used to form TiO2/C composite material. Carbon components formed 

larger pore structure and enhanced the charge transfer ability of the electrodes. When 10% 

GO was doped into TiO2 via direct aerosol method, the cycling performance and rate ability 

was significantly enhanced. TiO2/GO10 electrode maintained capacity of 60mAh/g at high 

current density (5C).  

Hydrothermal technique was also used to dope GO into the TiO2 structure. Compared to 

aerosol method, hydrothermal method did not change the pore structure of the material. No 

significant enhancement of capacity and rate ability was observed.  

This work provided a simple way to synthesis low-cost TiO2 and TiO2/GO nano structure as 
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high performance anode material for lithium ion batteries. The relationship between porous 

structure and electrode properties was revealed. Large pores or uniform pore distribution was 

the key point to good electrochemical performance. However, to further understand the 

mechanism of this enhancement, more experiments including XPS, TGA, and TEM should be 

carried out to investigate the morphology of the carbon component and lithium insertion 

mechanism.  
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