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Abstract 

With the fast-increasing energy demands and rapid depletion of fossil fuel resources, 

direct methanol fuel cells (DMFCs), as an alternate clean energy source, are becoming 

one of the most promising replacements for fossil fuels. DMFCs have several advantages 

including high specific energy, high energy conversion efficiency, easy to hand, easy to 

transport, and cleanliness for portable applications. Platinum (Pt)-based catalysts are the 

most widely preferred anode catalysts for methanol oxidation reaction (MOR) in DMFCs. 

However, the sluggish anodic kinetics, high cost of noble metals and unstable carbon 

supporting materials have hindered the wide application of DMFCs. Therefore, exploring 

and developing low-cost, high-performance, and durable anode catalysts have been the 

major challenge for the application of DFMCs.  

Titanium dioxide (TiO2) is one of the most promising catalyst supports for MOR 

because of its abundant resources, low cost, and environmental friendliness. In addition, 

TiO2 has some vital characteristics for the potential application in DMFCs: (1) the strong 

interaction between metal and TiO2; (2) the good corrosion resistance and stability in 

severe electrochemical environment when compared with carbon materials; (3) the 

different morphologies can be prepared by different methods, which can provide large 

surface area using commercial processes; (4) the potential for photo-assisted DMFCs 

because of its special semiconductor properties.  

Although TiO2 has many merits as a catalyst support, the poor conductivity is still a 

disappointing problem. The combination of metal particles, carbon materials, and TiO2 

has been considered as the promising pattern to improve its conductivity. Furthermore, 

most preparation methods are complexed and time-consuming, or need to use hazardous 

materials and procedures, and the catalytic performance is not satisfying.  
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In this thesis, our research is mainly focused on exploring and preparing novel 

Pt/TiO2-C composites and non-precious metal TiO2/C/Ni catalysts for methanol oxidation 

reaction. 

In order to reduce the usage of noble metal Pt, we designed a double-shelled C/TiO2 

(DSCT) hollow spheres via template-directed method. Pt nanoparticles are uniformly 

deposited by formic reduction method on the DSCT composite which performs as the 

catalyst support.  This composite is named as Pt/DSCT hollow spheres. The Pt/DSCT 

catalysts exhibited high catalytic performance with a current density of 462 mA mg-1 for 

methanol oxidation reaction, 2.52 times higher than that of the commercial Pt/C catalysts. 

The tolerance to carbonaceous poisoning (If/Ib ratio) has also been improved, resulting in 

better long-term stability than that of the commercial Pt/C in acid media. 

 Although Pt/DSCT shows high performance in catalytic property and stability, the 

synthesis process is time-consuming and still needs to use Pt as active materials. In order 

to explore and develop non-precious TiO2/C based catalysts, we then designed and 

developed a new structured TiO2/C/Ni composite by a “one-pot” method, which is to 

carbonize the NiEGTi polymer under a reductive atmosphere (H2/N2, V/V= 5/95). After 

optimization of processing temperature, we found that TiO2/C/Ni-500 showed an 

excellent catalytic performance toward methanol oxidation reaction in alkaline solution. 

The as-synthesised TiO2/C/Ni-500 composite possesses a unique rice-shaped structure 

with a homogenous dispersion of Ni and TiO2 nanoparticles in the carbon matrix. This 

nanocomposite not only has the improved conductivity by carbon matrix, but also possess 

much enhanced anti-poisoning ability by addition of the TiO2 nanoparticles. 

The catalytic performances are closely related to the structure properties of catalysts, 

especially surface area. To further improve the non-precious catalyst, NiO/TiO2 rods were 

synthesized by decomposing NiEGTi precursors in ambient condition, which shows low 
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catalytic performance towards methanol oxidation. We further mixed NiO/TiO2 

thoroughly with graphitic carbon nitride (m/m = 1: 5) and followed by calcining the 

mixture at 700℃ under N2 atmosphere. During the pyrolysis process, the Ni nanoparticles 

were formed and wrapped into carbon nanotubes. The novel structured TiO2/Ni-bamboo-

like carbon nanotubes composites have been synthesised by this way. Compared with the 

NiO/TiO2 rods, this unique structured materials with large surface area exhibit much 

better catalytic performance and long-term stability. 
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1.1 Background 

In the 21st century, owing to the rapidly growing energy demand and massive 

combustion of fossil fuels, energy crisis and environmental pollution have become the 

most severe challenges. Fossil fuels (coal, oil, and natural gas) accounting for more than 

80% of global energy production of which 36% is derived from oil, 27.4% from coal and 

23% from natural gas are used as a source for cheap and accessible energy supplies. The 

drawbacks of fossil fuels usage can be included in two aspects:1) the combustion of fossil 

fuels has caused air pollution that affected human health and increased carbon dioxide 

levels causing global warming; 2) the limited fossil fuels will be eventually depleted. 

According to EIA’s International Energy Outlook 2017 (IEO2017), with the fast growth 

of world population and economy, the energy consumption increases over the projection 

for all fuels. Although renewable energy and natural gas are the world’s fastest growing 

forms of energy, fossil fuel are expected to continue to meet much of the world’s energy 

demand (Figure 1.1).  

Increasingly serious energy shortages and environmental pollution urge researchers 

worldwide to develop clean and highly efficient energy systems. In addition, the power 

consumption for personal portable electronic devices has been increased dramatically and 

will be expected more. However, the current battery systems are insufficient to support 

the portable electronic devices. Therefore, exploring and developing alternative energy 

sources, i.e. resources other than oil, coal or natural gas, have been considered by 

researchers all over the world.  This is also an urgent requirement for various mobile 

devices. 

The first fuel cell, converting chemical energy to electrical energy by means of a 

chemical reaction, was accidentally invented in 1839 by Sir William Robert Grove. Over 

the last decades, fuel cells, have been considered as one of the alternative energy 
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technologies primarily due to their high energy conversion efficiency and low emissions 

[1]. Direct methanol fuel cells (DMFCs) offer an efficient way of chemical to electrical 

energy conversion, as a type of fuel cells with high energy conversion efficiency and 

environmental affinity [2], represent the most viable alternative to lithium-ion batteries in 

the portable and vehicle applications, and recently attract much attention. 

 

 

Figure 1.1 Historical and projected world energy consumption by fuel type (1990-2040). 

1 quadrillion Btu is equivalent to 25.2 million metric tons of oil (equals to ~1.06 × 1018 

Joules). Btu refers to British thermal unit (1 Btu = 1055 Joules). 

 

Two key obstacles inhibit the DMFCs commercial application: the high cost and the 

sluggish kinetic rate of Platinum (Pt)-based electrocatalysts towards the methanol 

oxidation reaction (MOR). The poor kinetic reaction at anode, which caused by the 

formation of intermediates like CO to block the active sites on Pt electrode surface, is 

much more critical to be solved. Recently, many works have focused on development of 

catalyst support, especially TiO2 composites catalyst support. Due to its strong metal 

support relationship with metal particles and great stability both in acid and alkaline media, 
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TiO2 amid catalysts play an important role in developing low-cost and high-performance 

electrocatalysts for MOR. 

1.2 Research objectives 

The main objectives of the research include designing and developing novel low-Pt or 

non-precious metal TiO2-C based anode electrocatalysts for DMFCs by simple, green 

preparation methods such as template-direct method, sol-gel method, and thermal 

decomposition. These objectives can be accomplished by: 

1) Research on low usage of Pt electrocatalyst by using double-shelled TiO2-C 

hollow spheres as catalyst supports. A new-structured Pt doped double-shelled 

TiO2-C hollow spheres catalyst, which could not only diminish the usage of Pt but 

also improve its catalytic performance and long-term stability towards MOR. 

2) Research on non-precious electrocatalysts: TiO2-based materials have been widely 

used in electrocatalysts. However, low conductivity has limited its application. 

The introduction of C and Ni to TiO2 not only improves its conductivity but also 

reduces its cost. The aim is to design and synthesize a rice-shaped non-precious 

electrocatalysts and to investigate its catalytic performance. 

3) The effect of morphology on the properties of non-precious composites: TiO2-Ni-

Bamboo-like carbon nanotubes composites were obtained via high temperature 

co-pyrolysis of NiO/TiO2 rods and graphitic carbon nitride. Compared to the 

NiO/TiO2 rods, this novel composite has much larger surface area and enhanced 

catalytic performance. This unique structure has never been reported in references. 

1.3 Thesis frameworks 

In this thesis, the work was presented following the outlines below: 
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Chapter 1 briefly introduces the background, research objectives and thesis framework. 

Chapter 2 presents an overview of the limitation of direct methanol fuel cells, recent 

advancements in electrocatalysts for MOR and an overview of TiO2–based catalysts 

supports for methanol oxidation. 

Chapter 3 explains several general experimental methods and characterization 

techniques throughout the study. 

Chapter 4 is based on our work that has been published as a journal paper “Ultrafine 

Pt nanoparticles supported on double-shelled C/TiO2 hollow spheres material as highly 

efficient methanol oxidation catalysts”. 

Chapter 5 is based on our work published as a journal paper “A one-pot method to 

prepare rice-shaped TiO2/C/Ni composite catalyst for methanol oxidation reaction”. 

Chapter 6 is based on our work published as a journal paper “TiO2/Ni-bamboo-like 

carbon nanotubes composite as highly an efficient non-precious electrocatalyst for 

methanol oxidation reaction”. 

Chapter 7 summarizes all the results in this thesis along with their catalytic 

performance towards MOR, and an outlook to the future work and development of this 

study. 
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CHAPTER 2 TiO2-based electrocatalysts for methanol 

oxidation reaction 
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2.1 Introduction to DMFCs 

Direct methanol fuel cells (DMFCs) that generate electricity by directly methanol 

oxidation and oxygen reduction, have started to come into prominence, which are the most 

possible alternative to lithium-ion batteries in the portable applications [3]. Figure 2.1 

shows some devices such as mobile phones, laptops, and electric vehicles which are 

powered by DMFCs and the advantages. Compared with other fuel cells, DMFCs owns 

several advantages such as small size, light in weight, low working temperature, high-

energy density and easy storage of fuel cells [4]. 

 

Figure 2. 1 Advantages and several devices powered by DMFC technology. 

 

DMFCs can be classified into two groups [3]: passive and active DMFCs. For passive 

DMFCs, the reactants (methanol and O2) are provided into the catalyst layer, and the 
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products (CO2 and water) are released from the cell by passive means such as diffusion, 

natural convection, and capillary action. For active DMFCs, methanol and oxygen are 

supplied by external facilities like pump and blower. No matter which type of DMFCs, 

both take methanol and O2 as reactants.  

Figure 2.2 shows the typical unit of a DMFC unit and its working principle [5]. At the 

anode, methanol and water are converted to CO2, protons and electrons, as shown in 

Equation 2.1. The protons are moved to the cathode side through the polymer electrolyte 

membrane (PEM). Meanwhile, electrons flow to the external circuit, where they can be 

used to perform work. At cathode, the protons and electrons can convert O2 to water, as 

shown in Equation 2.2. The maximum thermodynamic voltage is 1.18 V. However, the 

actual cell voltage loss occurs due to the complexity in DMFCs [6].  

The standard electrodes usually consist of three layers: catalyst layer (commercial 

Pt/C), diffusion layer, and backing layer. Both anode reaction and cathode reaction need 

electro-catalysts to catalyse the reaction process. The development of oxygen reduction 

reaction electro-catalyst has caused numerous studies. With the great development and 

booming improvement of oxygen reduction catalysts [7-9], the relevant high-efficiency 

and low-cost electrocatalysts for MOR are urgently needed for the industrial applications. 

An anodic catalyst that produces a high anodic current density, negative onset potential 

and long-term stability towards MOR is preferable for DMFCs. 



9 

 

 

Figure 2. 2 Working principle and overall reactions of the DMFC. 

Anode reaction： 

C𝐻3𝑂𝐻 + 𝐻2𝑂 → 𝐶𝑂2 + 6𝐻+ + 6𝑒− (𝐸𝑎 = 0.046 𝑉/𝑅𝐻𝐸)                          Equation 2.1   

Cathode reaction: 

3
2⁄ 𝑂2 + 6𝑒− + 6𝐻+ → 3𝐻2O (𝐸𝐶 = 1.23 V/RHE)                                           Equation 2.2 

The overall reaction for the DMFC: 

C𝐻3𝑂𝐻 + 3
2⁄ 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 (𝐸𝑐𝑒𝑙𝑙 = 1.18 𝑉/𝑅𝐻𝐸)                                Equation 2.3 

2.2 Present challenges of DMFCs 

Although DMFCs are considered promising energy device, they still face some issues 

for commercialization, including methanol crossover, the sluggish anode kinetic reaction, 

high cost, poor stability and durability [10]. The two most important obstacles are 

methanol crossover and the poor kinetics of the methanol oxidation at anode. The 
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methanol crossover is caused by the diffusion of methanol from anode to cathode which 

is resulted from the “mixed potential”, fuel waste, and cathode catalyst poisoning [11], 

making the overall cell voltage much lower than that of hydrogen fuel cells. This situation 

can result in undesirable internal short circuiting, and lead to loss current (Figure 2.3).  

 

 

Figure 2. 3 Cathodic oxygen reduction and undesired methanol oxidation with an internal 

short circuit created by crossover [11]. 

 

The other one is the sluggish kinetic reaction. To overcome this issue, an appropriate 

anode catalyst is considered as the major solution. Catalysts play an important role for 

both anodic and cathodic reactions. The high-performance catalysts cannot only avoid 

mixed potential, but also improve the kinetic reaction. Other issues (heat, water, and 

species management, etc.) will also need to be further improved.  
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2.3 Recent electro-catalysts for methanol oxidation reaction 

The slow anode kinetic reaction, which reduces performance and power output, is the 

major challenge for DMFCs [12, 13]. As one of the most important factors of DMFCs, 

researches have focused on the synthesis of low-cost and high-efficiency anode catalysts 

with high catalytic activity and durability to improve methanol oxidation reaction kinetics 

[14-17]. Up to now, Platinum (Pt) is considered as the best active catalyst for methanol 

oxidation, and carbon black is thought as the most universal catalyst support. The process 

on Pt electrodes dissociates the C_H bond and facilitates the reaction of the resulting 

residue with some O-containing intermediates (HCHO, HCCOH, CO, etc.) which bring 

about kinetic obstacles by transforming electrochemically active areas into inactive areas 

to form CO2 [16] as follows: 

C𝐻3𝑂𝐻𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ↔ C𝐻3𝑂𝐻𝑎𝑑𝑠                                                                              Equation 2.4 

C𝐻3𝑂𝐻𝑎𝑑𝑠 ↔ 𝐶𝐻3𝑂𝑎𝑑𝑠 + 𝐻 + 𝑒−                                                                 Equation 2.5 

𝐶𝐻3𝑂𝑎𝑑𝑠 ↔  𝐶𝐻2𝑂𝑎𝑑𝑠 + 𝐻 + 𝑒−                                                                   Equation 2.6 

C𝐻2𝑂𝑎𝑑𝑠 ↔  𝐶𝐻𝑂𝑎𝑑𝑠 + 𝐻 + 𝑒−                                                                        Equation 2.7 

 
𝐶𝐻𝑂𝑎𝑑𝑠 ↔  𝐶𝑂𝑎𝑑𝑠 + 𝐻 + 𝑒−                                                                                  Equation 2.8 

 
C𝑂𝑎𝑑𝑠 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 2𝐻 + 2𝑒−                                                                         Equation 2.9 

 

Figure 2.4 [16] shows a typical cyclic voltammogram of methanol oxidation reaction 

in acidic solution at a Pt/C anode. Peaks “a” and “b” were caused by the complete 

methanol (Equation 1.9) and the oxidation of intermediates like CO. Peak “d” occurred 

due to the formation of PtO (Equation 2.10) [18]. The following PtO reduction was shown 

as peak “c” (Equation 2.11). During this procedure, CO acts as a poisoning specie and 
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takes up the active points on the catalyst. The ratio of If (forward current density) and Ib 

(backward current density) are normally used to demonstrate CO tolerance of Pt catalysts 

[19]. Generally, the higher ratio of If/Ib shows better CO tolerance [20]. 

 

Pt + 𝐻2𝑂 ↔ 𝑃𝑡𝑂 + 2𝐻 + 2𝑒−                                                                               Equation 2.10 

PtO + 2H + 2𝑒− ↔ 𝑃𝑡 + 𝐻2𝑂                                                                       Equation 2.11 

 

Figure 2. 4 A typical cyclic voltammogram of Pt-C/GC electrode in 0.30M acid solution 

within 0.20 M methanol.  

 

Although Pt-based catalysts show the best catalytic activity and have been widely used 

in DMFCs [1, 10, 21], the limited resource, high cost of Pt and CO poisoning effect which 

causes the slow anode kinetic reaction have hampered its development and large-scale 

application [22]. Thus, it is quite urgent and important to develop low-cost anode electro-

catalysts possessing higher catalytic activity and good stability towards methanol 

oxidation. 



13 

 

Different strategies such as development of different Pt nanostructures or alloy 

materials have been explored, and the detailed strategy is shown in Figure 2.5. Other 

metals like Ru, Pd, W, Ni, Sn, and Au have been widely considered. 

 

Figure 2. 5 Different strategies of electrocatalysts for MOR. 

Numerous research workers [23] have been conducted to overcome the high-cost by 

reducing the usage of Pt. These studies can be categorized into two approaches:  

(i) To improve catalytic activity by developing different Pt nanostructures; and 

(ii) To reduce the Pt loading levels with equal or better activity by forming 

different alloy materials.  

Different structures of Pt like Pt nanowires [24], Pt nanotubes [17], Pt nanoflowers 

[17] and Pt nanorods [25] for methanol oxidation have been prepared (Table 2.1). 

These distinguished structures can improve the catalytic activity by providing more 

active sites and accelerating charge transfer. Alloying Pt metal with other metals is 

also an efficient approach for resisting the CO poisoning by “bifunctional effect ” [26], 
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enhancing catalytic activity and reducing the use of Pt such as PtRu [27, 28], PtAu 

[15], PtPd [29, 30], PtSn [31, 32], PtMo [33], PtNi, and PtCo [34].   

The “bifunctional mechanism” is shown as Equations 2.12 and 2.13 [35], where 

hydroxyl groups (OH species) adsorbed on the other metal sites, facilitating the 

oxidation of CO adsorbed on the Pt sites. Different kinds of ternary and quaternary 

metal catalysts [23] have also been studied to minimise the use of noble metal, like 

Pt-Ru-M (Ir, W, Ni, Sn, Mo, and Co), Pt-Sn-Ni, Pt-Ru-Rh-Sn, etc. These ternary and 

quaternary alloys are normally more active and possess high catalytic performance for 

methanol oxidation than alloy. 

 

𝑀 + 𝐻2𝑂 → 𝑀 − 𝑂𝐻 + 𝐻+ + 𝑒−                                                                  Equation 2.12 

𝑃𝑡 − 𝐶𝑂 + 𝑀 − 𝑂𝐻 → 𝑃𝑡 + 𝑀 + 𝐶𝑂2 + 𝐻+ + 𝑒−                                      Equation 2.13 

 

Table 2. 1 Summary of Pt-based catalysts by various protocols and their MOR 

performance. 

Catalysts Synthesis route Electrolytes Catalytic activity References 

Pt nanowires Polymer template-

synthesis by 

electrodeposition 

0.5 M H2SO4 

2.0 M CH3OH 

20.1 m2 g Pt 
-1 [24] 

Pt nanotubes Galvanic displacement 

reaction 

0.5 M H2SO4 

1.0 M CH3OH 

1.62 mA cm 
-1 [17] 

Pt @ mesoporous 

PtRu yolk-shell 

nanostructure 

SiO2 template-assisted 

reducing method 

0.5 M H2SO4 

1.0 M CH3OH 

0.56 A mg Pt 
-1 [28] 

Hollow Pt-Pd 

nanospheres 

Dual-templated 

chemical reductive 

method 

0.5 M H2SO4 

1.0 M CH3OH 

0.275 A mg Pt 
-1 [30] 
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Ag-Pt hollow 

nanospheres 

Wet-chemical route 0.5 M H2SO4 

0.5 M CH3OH 

0.35 A mg Pt 
-1 [36] 

PtSn intermetallic 

nanoparticles 

Ethylene glycol 

solution at only 200 °C. 

0.5 M H2SO4 

1.0 M CH3OH 

1.52 A mg Pt 
-1 [32] 

Hierarchical 

branched Pt-Cu 

Nanoparticles 

Chemical deposition 

via successive 

reduction 

0.5 M H2SO4 

1.0 M CH3OH 

1.26 A mg Pt
 -1 [37] 

PtCo nanodenrites Polyol process with 

introduction of poly-

(vinylpyrrolidone) and 

HCl 

0.5 M H2SO4 

1.0 M CH3OH 

1.1 A mg Pt 
-1 [38] 

PtPdAu alloy 

nanowires 

Two-step successive 

reduction method 

0.1 M H2SO4 

0.1 M CH3OH 

0.25 A mg Pt 
-1 [39] 

PtCuCoNi three 

dimensional 

nanoporous 

quaternary alloys 

Reducing metal 

precursors in aqueous 

solution 

0.5 M H2SO4 

0.5 M CH3OH 

0.72 A mg Pt 
-1 

 

[40] 

 

Another way is to explore highly efficient non-precious metal electrocatalysts with 

acceptable catalytic performance and strong poison tolerance. The exploration of low-cost 

and efficient MOR catalysts with high activity and long-term stability made from earth-

abundant elements has become of significant importance. During the past few years, 

extensive research efforts have been made to develop alternative economical 

electrocatalysts such as Pd based catalysts [41, 42], Ni-based catalysts, and other materials 

like CeO2 catalysts.  

Pd-M nanoparticles (M-Cu, Fe, Ni or Ag) can result in highly catalytic activity, good 

stability, and thereby high performance towards methanol oxidation in alkaline media. 
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For example, novel-phase structural, α-(NiCu)3Pd nanoalloy with (117) facets provided 

a more open-atom arrangement surface and exhibited remarkable catalytic activity and 

stability [43]. Cui and co-workers [44] reported that NimCon (m + n = 4) showed high 

catalytic activity and stability, and the addition of Co significantly improved the surface 

coverage of the redox species and weaken the Co adsorption, as well as adjust the CH3OH 

adsorption. Recently, cerium oxide (CeO2) modified nanocrystalline zeolite (Nano-ZSM-

5) nanocomposites with different weight ratios were prepared, which exhibits stable 

electrocatalytic activity after 100 cycles, attributing to the synergistic contribution 

provided by CeO2 and Bronsted acidity of the high-surface-area of Nano-ZSM-5 [45]. 

2.4 Catalyst support materials for anode catalysts  

Although various metal catalysts show certain catalytic activity towards MOR, the 

particles are prone to aggregation because of their high surface energy and decomposition 

reaction during long-term operation. The dispersity of nanoparticles is improved 

effectively by using appropriate catalyst support. And meanwhile, the catalytic 

performance of catalysts anchored on support is enhanced due to the electronic 

interactions between metals and supports. As an excellent catalyst support, a high surface 

area, well electrical and thermal conductivity, low cost, and strong corrosion resistance 

are of vital importance. 

Carbonaceous materials have been used as support to synthesize excellent catalysts, 

which not only couple catalysts to prevent aggregation, but also promote electron transfer. 

However, the agglomeration of metal particles can be reduced by using a catalyst support 

which has strong interaction with metal particles. The utilization of various catalyst 

supports to immobilize catalysts is regarded as one of the most practical ways to enhance 

the catalytic activity. Furthermore, it is a conventional way to disperse active metal 
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particles on a catalyst support surface to increase the active metal areas and expose the 

necessary active sites or specific planes of the metal on the catalyst surface [23]. Therefore, 

catalyst support plays a key role in the electrocatalyst development along with the catalyst 

[46] to govern the catalyst activity and durability [47].  

Catalyst support can provide catalytic surface area to reduce cost of catalysts. 

Catalysts are normally supported on low-cost and conductive carbon materials [48], such 

as carbon black, carbon nanofiber, carbon nanotube [48], graphene [49] and reduced 

graphene oxides (GO) [50], as shown in Figure 2.6. Among them, carbon nanotubes with 

highly crystalline structure are most investigated catalyst support due to their high 

conductivity, large surface area and porosity, which can provide exceptionally high 

diffusivity [12].  

According to Li Ting Soo [51], graphene may be able to take place of carbon black 

because it offers a large active surface area and better resistance towards corrosion, 

whereas the main issue attributed to graphene is its poor dispersion ability in solvent, 

electrochemical inertness, and complex preparation process. The primary drawbacks of 

carbon materials supports include carbon corrosion/oxidation which results in poor 

durability during long-term operation and low utilization efficiency of metal catalysts 

deposited on their surface [51].  

Palladium (Pd) nanoparticles supported on nitrogen (N) and sulphur (S) dual-doped 

graphene [41] exhibited outstanding catalytic performance towards methanol oxidation. 

The incorporation of N and S atoms into the graphene framework produced abundant 

hydroxyl species for oxidation of CO-like poisoning intermediates, which benefits to 

promote the kinetics of catalytic reactions. N and S dual-doped carbon nanotubes were 

used as catalyst support to enhance methanol oxidation performance of NiO particles [52]. 



18 

 

This surface atomic engineering of substrates provides an efficient way to further improve 

the catalytic performance and stability of coupled catalysts. 

 

Figure 2. 6 SEM images of different carbon support: (a) CNF, (c) CNT, and (e) rGO; and 

TEM images of (b) Pt/CNF, (d) Pt/CNT, and (f) Pt/rGO. 

The durability of fuel cells is influenced not only by the stability of catalysts but also 

the catalyst supports. However, the most significant drawback of carbon supports is the 

low stability due to the corrosion of carbon materials [53] caused by the weak interaction 

between metal particles and carbon supports, which can be observed by scanning 

transmission X-ray microscopy. In all, the dissolution of meal nanoparticles and the 

electrochemical corrosion of carbon supports [26], which starts thermodynamically at 

0.207 V, can result in the degradation of catalysts [54]. Thus, the diminishment or 

replacement of carbon materials has become a significant challenge for researchers.  
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In previous studies, in order to improve the high activity and durability while 

decreasing the cost of the catalysts, catalysts like noble and non-noble metals supported 

on transition metal carbides and metal oxides have wide application in various fields on 

account of their low cost, abundant sources, and environmental friendliness [35]. The 

reasons for them to be used in DMFCs, are as follows:  

(1) Higher corrosion resistance due to high oxidation state of metal in metal oxides, 

in the electrochemical environmental compared with carbon [23];  

(2) Strong interactions with metal particles, which make metal oxides to prevent the 

agglomeration of metal particles and reduce the particle sizes [55];  

(3) the bifunctional mechanism accelerates the abundant OH species on their surfaces 

and facilitates the oxidation of COad [56].  

Much efforts centred on exploiting metal oxides such as SiO2, RuO2 [57], WO3 [58], 

SnO2, CeO2 [59, 60], and TiO2 [61]. As shown in Figure 2.7, much studies have been 

conducted to enhance the catalytic performance of methanol or ethanol oxidation through 

the synergetic interactions between oxides and Pt particles. MoO3 [33], and V2O5  [62] 

can also form respective bronzes in specific environments, which not only provide active 

sites but also favour electrical conduction [23].  
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Figure 2. 7 Different metal oxides as catalyst supports for Pt nanoparticles: (a) RuO2, (b) 

CeO2, (C) SnO2, (d) V2O5, and (e) WO3. 

 

2.5 TiO2-based catalysts for methanol oxidation reaction 

Among numerous metal oxides, TiO2 is considered as one of the most promising 

promoters and has been regarded as a potential support for fuel cells, because of its strong 

metal support interaction with metals, high stability under harsh operation conditions, 

abundance sources, non-toxicity, commercial availability, and structure controlled 

morphologies [35]. Furthermore, TiO2 reduces the adsorption energy of CO by facilitating 

the adsorption of OH species, resulting in the rapid conversion of the poisonous 

intermediates into CO2 [63]. Figure 2.8 shows various morphologies from zero-dimension 

sphere to three-dimension structure with different properties, which provide wider 

potentials for TiO2 applications [64].  

TiO2 morphologies mainly include nanostructures such as nanotubes [65], nanowires 

[66], nanosheets [67], nanorods [62], and mesoporous structures by different synthesis 

methods such as sol-gel [63], hydrothermal-solvothermal method [68], anodization [65], 
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electrospinning [69]. Different dimensional TiO2 nanomaterials, especially TiO2 

nanotubes, and nanofibers, share many common characteristics providing great potential 

as support, such as the large surface area and chemical stability in acid or alkaline 

solutions. Compared to non-nanostructured TiO2, nano porous TiO2 can provide a larger 

deposition area for catalysts to obtain more active sites. The utilization of the catalyst 

support with high surface area enhances metal dispersion to improve catalytic activity 

[70].   

 

 

Figure 2. 8 Schematic illustration of different structural dimensionality of materials with 

expected properties. 
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Figure 2. 9 Different TiO2 morphologies: (a) hollow TiO2 nanospheres [66], (b) TiO2 

nanotubes [67], (c) TiO2 nanofibers [71], and (d) TiO2 nanosheets [72]. 

 

Figure 2.9 shows the TEM images of different nanostructured TiO2 composites such 

as hollow TiO2 nanospheres, TiO2 nanofibers, TiO2 nanotubes and TiO2 nanosheets. Pt-

doped TiO2 composites attract much attention. It is well known that TiO2 nanotubes can 

be regarded as alternative catalyst supports in fuel cell due to their high surface areas and 

strong metal support interactions with metal catalysts [73]. Pt-decorated TiO2 nanotubes, 

which exhibit a high mass activity at low overpotentials in comparison with commercial 

Pt/C, were prepared by a swelling activation procedure. Figure 2.10 [74] shows the TiO2 

nanotubes before and after Pt particles. The Pt particles are randomly distributed on the 

surface, and the repetitions of activation lead to the increase in the Pt size and density 

(Figure 2.10b, c, and d).  



23 

 

1-D structured nanofiber is also suitable for a catalyst support as a result of its high 

surface area [75]. Nb-doped TiO2 nanofibers, which used as support to deposit Pt particles, 

were prepared by electrospinning [76], Figure 2.11(a) shows that uniform Nb-TiO2 

nanofiber with about 100 nm diameter. We can see from Figure 2.11(b) that Pt 

nanoparticles were successfully deposited on the surface of nanofiber. These Pt/Nb-TiO2 

nanofiber catalysts possess excellent catalytic activity and excellent durability, attributing 

to the high corrosion resistance of TiO2 and the strong interaction between Pt and TiO2. 

This significantly decreases the agglomeration of Pt nanoparticles during fuel cell 

operation [77]. The incorporation of Nb with TiO2 has enhanced the conductivity of this 

nanocomposite. 

 

 

Figure 2. 10 SEM images showing TiO2 NTs (a) and Pt-TiO2 NTs with differing 

repetitions of activation. The bright spots are Pt NPs on the metal oxide surface [74]. 
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Apart from Pt/TiO2 catalysts, several endeavours have been dedicated to filling and 

doping TiO2 with metals such as Pd [78, 79], Au [80], Ag [53, 81], Ni [82] ), which 

exhibited great enhancement in methanol oxidation. As a substitute of Pt, Pd has been 

considered as one of the most promising catalysts for DMFCs. Wence Xu et al used a 

conventional method to deposit Pd on nanoporous TiO2. They found that the 

electrocatalytic activity depended the on size and distribution of Pd nanoparticles; and the 

poison resistance of the catalyst was enhanced by the assistance of TiO2 through a 

bifunctional mechanism. However, PdO which was generated at high potential was 

undesired for methanol oxidation. 

 

 

Figure 2. 11 (a) SEM and TEM images of electrospun Nb-TiO2 nanofibers, and (b) TEM 

image of the Pt/Nb-TiO2 nanofiber catalyst [76]. 

 

The photocurrent measurements suggested that the Ag/TiO2 thin film exhibited a good 

photo-response against photo-electrocatalytic methanol oxidation [53]. It has been 

demonstrated that the interfacial sites between Au and TiO2 open a low-temperature 

reaction channel for the selective oxidation of methanol [80], which made the Au/TiO2 

efficient for methanol oxidation. Some other non-noble metals TiO2-based catalysts [44, 
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82-85] have also been reported but the activity and durability are not up to a satisfactory 

mark.  

In recent years, the utilization of low-cost Ni for alcohol electro-oxidation has 

attracted increasing interest. For example, the methanol oxidation catalytic performance 

of Ni/TiO2 nanotube arrays and ball-flower-shaped Ni-Cu/TiO2 nanotubes in alkaline 

solution have been reported [86]. As shown in Figure 2.12, Cu was decorated on TiO2 

nanotube arrays by electroless plating to enhance the conductivity of TiO2, and Ni 

nanoparticles were deposited on the substrate (Cu/TiO2) by another electrodeposition. 

This unique ball-flower structure led to a large specific area which enhances the rate of 

electron transfer process. The promotion of the electrooxidation of methanol on this 

Ni/Cu/TiO2 electrode is assigned to the synergistic interaction of Cu and Ni. 
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Figure 2. 12 Surface morphology evolution of electrodes. (a) TiO2, (b) Cu/TiO2, (c) 

Ni/Cu/TiO2 by one-step electrodeposition, (d) Ni/Cu/TiO2 by two-step electrodeposition. 

 

The high-performance metal-incorporated TiO2 catalysts can be attributed to the 

strong interaction between metal and TiO2 [35], high corrosion resistance [23, 80], and the 

high dispersion of metal catalysts. TiO2 doped by metal particles, can change the electric 

property of the supported metal nanoparticles. This change of electric structure normally 

results in the strong interaction between metal and metal oxides. The presence of the 
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strong interaction between TiO2 and metal particles has been proven theoretically [87, 88] 

and experimentally [65, 89, 90].  

Hepel et al [87] used quantum mechanical calculations to study the support-catalyst 

cluster interactions between metal particles and TiO2. The effect of addition of one Pt 

atom to (TiO2)6 surface to the electronic properties of the system is shown in Figure 2.13. 

We can see that without the formation of Pt–TiO2 bond, a small charge which was moved 

from TiO2 to Pt brings about a slight lowering of the HOMO energy level and unchanged 

LUMO (Figure 2.13a). The significant changes in both HOMO (upwards) and LUMO 

(downwards) levels can be seen when the formation Pt-O bonds (Figure 2.13b). While a 

Pt atom forms Pt-Ti bonds with the Ti atoms of TiO2 (Figure 2.13c), the electron cloud is 

evenly spread over all the surface atoms. In both cases of Pt bonding to TiO2, the charge 

is transferred from Pt to TiO2.  

These changes have a deep influence on catalytic properties. The strong metal–support 

interaction can lower the activation energy for COad surface mobility so that they can 

lower CO poisoning. Evgeny et al [89] studied the interaction of the model Pt/TiO2 

catalysts by X-ray photoelectron spectroscopy (XPS). It indicates that the interaction of 

the model Pt/TiO2 catalysts results in three different states of Pt: (1) platinum with 

incorporated atomic oxygen, Pt-Osub; (2) platinum monooxide, PtO, and (3) platinum 

dioxide PtO2. During the whole reaction, Pt 4f shifts can be observed obviously. The strong 

metal support interaction is due to the formation of Pt-O bond and Pt-Ti bond. The obvious 

shift of Pt 4f spectra can be observed by XPS. 
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. 

Figure 2. 13 Electron density surfaces (ρ= 0.02) with mapped electrostatic potential for 

(TiO2)6 super cells interacting with a single Pt adatom [87]: (a) after equilibration but 

without any bond formation, (b) Pt bonded through O atoms to TiO2 units and (c) Pt 

bonded directly to Ti. 
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Not only the large surface area of catalyst supports, and the strong interaction between 

catalyst and catalyst supports plays key roles in high-performance catalysts, but also the 

good conductivity is vital. Although the combining different morphologies of TiO2 

composites with other metals can transfer n-type TiO2 to p-type TiO2 by controlling the 

doping pattern [80], the conductivity is still rather limited. Importing carbon materials has 

been practised [84].  

2.6 Limitations of TiO2 composites supports and possible enhancement 

strategy 

Compared with carbon materials, the low electrical conductivity of TiO2 (a 

semiconductor) is disappointing when used as catalyst substrates, which is believed to 

hamper the efficient application of these materials in fuel cells that require fast electron 

transport. The combination of carbon and TiO2 as catalyst supports has been considered 

as a new strategy and a promising alternative catalyst support due to its enhanced 

conductivity and good anti-poisoning ability. The addition of carbon-based materials 

gives TiO2 an excess of conducting electrons or holes. Some TiO2 and carbon composites 

materials that are used as potential supports are summarized in Table 2.2.  

The preparation methods normally include multiple steps, which are complexed and 

time-consuming. J Lee et al [91] prepared a nanostructure composed of TiO2 as a core and 

carbon as a shell by heat treatment of TiO2 particles at 700 or 900ºC in a methane 

atmosphere. Y Zhang et al [11] tried a new strategy which combines hydrothermal in-situ 

pre-carbonization coating and interfacial functionalization to synthesis nitrogen doped 

carbon coated Mo modified one-dimensional TiO2 nanowires with functionalized 

interfacial core-shell structure. A N-doped holey graphene oxide/TiO2 composites is 

prepared as catalyst support for Pt catalyst via a polyol method which generates nanoholes 
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on the graphene nanosheets to provide much more active sites and efficient mass transport 

path [92]. Unfortunately, the catalytic performance is still not satisfactory and not good 

enough for wide application. 

 

Table 2. 2 The preparation methods of TiO2-carbon materials-based catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NO. Catalysts Methods 
References 

1 Pt-Ru/C-TiO2 
Two steps: sol-gel method 

+incorporation [63] 

2 

Pd/TiO2/RGO 

(reduced 

graphene oxide) 

Two steps: hydrothermal 

synthesis and reducing reaction [68] 

3 

Pt/C (Vulcan 

XC72 carbon 

black) 

Multiple steps: two-step 

anodization, plasma sputtering, 

and mechanical mixing process 
[65] 

4 

Pt-Ru/C (carbon 

black) /TiO2 

nanotubes 

Multiple steps: hydrothermal 

method, ultrasonic blend and 

reducing reaction 
[13] 

5 Pt/CNT/TiO2 
Two steps: sonochemical method 

and ultrasonic reduction [93] 

6 Pd/TiO2-MCNTS 

Two steps: in situ chemical 

method and borohydride 

reduction method 
[78] 

7 

Pt/TiO2 

embedded carbon 

nanofiber 

Multiple steps: electrospun, 

carbonization and chemical 

deposition 
[94] 

8 
Pd/TiO2/RGO on 

carbon fiber 

Multiple steps: sol-gel method, 

potentiostatic method and 

electrodeposition 
[56] 
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To overcome these problems and meet the requirement of commercial application, 

more efforts are required to further improve the electrocatalytic performance and long-

term stability while using green, environmentally friendly methods and low-cost materials. 

These can be consisted of by two aspects:  

(1) To develop new-structured TiO2-C based catalyst supports, which not only can 

reduce the usage Pt but also improve its catalytic performance and long-term stability. 

(2) To design and synthesis novel non-precious catalysts. 
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CHAPTER 3 General experimental methods and 

characterization techniques 
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3.1 General experimental methods 

In order to prepare high performance TiO2-C based electrocatalysts for MOR. 

Different structured TiO2-C based composites have been designed and synthesized. In this 

thesis, several methods have been used in different samples preparation, including 

template-directed method, hydrothermal method, thermal decomposition, formic acid 

reduction method and pyrolysis process. The detailed processes and parameters will be 

elaborated in the corresponding chapters.  

Template synthesis of nanomaterials is a cutting-edge technology which has been 

developed since the 1990s [95]. Recently, it is widely used to synthesize different 

structured nanomaterials. Templates have strong effect on the crystal nucleation and 

growth during the preparation process, which can change the morphology of products. 

Templates can be classified into hard template and soft template. Hard template owns a 

stable structure which could directly determine the size and morphology of followed 

samples. In Chapter 4, we used SiO2 spheres as hard templates to prepare hollow TiO2/C 

nanomaterials. In the last step, SiO2 was etched by alkaline. 

Hydrothermal processing is defined as any heterogeneous reaction which could occur 

in the presence of aqueous solvents or mineralizers under relatively high pressure and 

temperature conditions to dissolve and recover materials which are relatively insoluble 

under ordinary conditions [96]. This process is performed in an autoclave bearing high 

temperatures and pressures.  

The hydrothermal reactor consists of two parts as shown in Figure 3.1(a): outer 

stainless-steel shell and inner Teflon liner. The hydrothermal technique is one of the most 

3.1.1 Template-direct method 

3.1.2 Hydrothermal method 
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important techniques for advanced materials synthesis, widely used in the processing of 

nanomaterials. In Chapter 4, we used a hydrothermal method to wrap glucose on the 

surface of TiO2 on SiO2 spheres to prepare “C@TiO2@SiO2” spheres. The detailed 

process can be found in Chapter 4. 

Titanium alkoxides can immediately generate white precipitates when exposed to air. 

Glycols contains enough dihydroxy groups and can react with metal alkoxides to produce 

glycolates or corresponding glycolate derivatives. In general, when titanium alkoxides 

meet with glycols, the dihydroxy groups could coordinate titanium ions to form titanium 

glycolate precursors. To dope TiO2 with different elements, Ni, Zn, and Co salts have 

been introduced into the modified titanium glycolate precursors. In Chapter 5 and Chapter 

6, the titanium glycolate synthesis method is used to prepare NiEGTi precursors. 

Pyrolysis is a process which chemically decomposes organic materials at elevated 

temperatures in the absence of oxygen. Normally, the process takes place above 430°C 

and under content pressure. During this process, physical phase and chemical composition 

change due to chemical reactions. Carbonization is the conversion of organic matters into 

a form of carbon through destructive decontamination. Carbonization is a reaction in 

which many reactions occur concurrently like dehydrogenation, condensation, hydrogen 

transfer and isomerization. These two processes could be operated in a furnace with H2, 

Ar, N2 or mixed gasses. The experiment set-up is shown in Figure 3.1(b). The 

carbonization process, as an important process to obtain conductive carbon-based 

materials, has been widely used in all our materials synthesis processes. 

 

3.1.3 Titanium glycolate precursor-based synthesis 

3.1.4 Pyrolysis and carbonization 

https://en.wikipedia.org/wiki/Destructive_distillation
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Figure 3. 1 (a) hydrothermal autoclave reactor with Teflon chamber and (b) experimental 

set-up for pyrolysis and carbonization. 

 

3.2 Microstructure characterization 

The following techniques were operated to characterize the microstructure and 

composition of prepared samples. 

A Philips XL-30S Field Emission Gun scanning electron microscope (FEGSEM) was 

used for SEM imaging and EDS analysis. Prior to analysis, specimens were mounted on 

a black carbon tape and sputter coated with platinum for 60 s with a Quorum Q150RS 

Coater to reduce specimen charging. 

TEM images were obtained by using a Tecnai 12 transmission electron microscope 

operating at an accelerating voltage of 120 kV, equipped with an under-mounted GATAN 

CCD4 megapixel camera. Specimens were prepared by suspending in ethanol and 

dispersed onto standard carbon coated copper TEM grids for analysis.  

3.2.1 Scanning Electron Microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDS). 

3.2.2 Transmission Electron Microscopy (TEM) 



36 

 

HRTEM images, SAED pattern and element mapping analysis were carried out using 

a FEI Tecnai G2 F20 operating at 200 kV. Specimens were suspended in ethanol and 

dispersed onto standard carbon coated copper TEM grids for analysis. 

XRD data were obtained using Bruker D2-Phaser with Cu Kα1 radiation (λ = 1.5406 

Å) in a 2θ range of 10° to 90° with a scan rate 2° min-1 at room temperature. 

XPS measurement was conducted with an ESCALAB-MKII spectrometer (VG Co., 

U.K.) with an Al Kα X-ray radiation as the X-ray source for excitation and a chamber 

pressure of 3.5 × 10−7 Pa. 

Raman analysis was performed on Renishaw in the Via Reflex micro spectrometer 

with 532 nm laser excitation. Spectra were collected over the Raman shift range 200 – 

2000 cm-1
 and at a spectral resolution of ~2 cm-1

. 

Thermogravimetric analysis (TGA) was carried out under O2 flow using Netzsch STA 

449 F5 from room temperature to 575℃ with a heating rate of 10 ℃ min-1. 

3.3 Electrochemical characterization and analysis  

The following part is a general introduction to electrochemical workstation and 

electrochemical characterization techniques which are used in this thesis research. The 

3.2.3 High-resolution transmission electron microscopy (HRTEM) selected area 

electron diffraction (SAED) and element mapping analysis 

3.2.4 X-ray Powder Diffraction (XRD) 

3.2.5 X-ray Photoelectron Spectroscopy (XPS) 

3.2.6 Raman Spectroscopy 

3.2.7 Thermogravimetric Analysis (TGA) 
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detailed electrode preparation process and tests process will be elaborated in 

corresponding chapters. 

Electrochemistry is a branch of physical chemistry which studies the relationship 

between electricity and chemical change. The electrical signals including current and 

potential are used as a qualitative or quantitative data to identify chemical changes on the 

electrode surfaces. Electrochemical workstation, which have multiple techniques, is 

widely used in monitor fuel cells, electrochemical deposition, corrosion and many other 

electrochemical processes. Figure 3.1(a) shows a typical image of electrochemical 

workstation.  

A three-electrode system (Figure 3.1b) has been used in experiments. Glassy carbon 

electrode (GCE) after coating as-prepared samples is used as the working electrode, 

silver/silver chloride (saturated Ag/AgCl) is the reference electrode, and a Pt foil acts as 

the counter electrode. 

 

Figure 3. 2 Image of Electrochemical workstation: CHI 650E (a) and three-electrode 

setup (b). 

 

3.3.1 Electrochemical workstation 
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Electrochemical techniques including cyclic voltammetry and amperometry i–t 

technique are the most common methods evaluating the catalytic performance and 

stability of electrode materials. 

In CV experiments, the potential of a system is swept forth and back between potential 

voltage windows while the current is recorded as the signal to electrode reaction. The 

voltage sweep is normally linear with time (Figure 3.2a) and the plot of the current versus 

voltage (Figure 3.2b) is called cyclic voltammogram. 

 

Figure 3. 3 (a) Cyclic potential sweep and (b) typical plot of current versus voltage. 

In a cyclic voltammogram, it can be observed that when the voltage sweeps past a 

potential that is related to an active electrochemical reaction, the resultant current will 

increase, creating a peak. Once the available reactants have been almost completely 

consumed, the current will be stabilized. On the reverse voltage scan, the reverse 

electrochemical reaction (with a reverse current direction) may be observed. The 

characteristics of these peaks can give information about the relative rates of reaction and 

diffusion in the electrochemical system. In this thesis, CV tests are used to characterize 

3.3.2 Electrochemical characterization techniques 

3.3.2.1 Cyclic Voltammetry (CV) 
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the electrocatalytic performance toward MOR by a three-electrode system. The detailed 

testing process will be presented in the following chapters. 

Amperometry is one of electrochemical methods in which the potential is applied to 

a working electrode. The current occurring because of oxidation/reduction at the electrode 

surface is recorded as the analytical signal. The amperometry technique can effectively 

evaluate the electrocatalytic activity and stability of electrode material.   The i-t curves 

are observed to evaluate the stability of as-prepared samples. The detailed testing process 

will be presented in the following chapters. 

3.3.2.2 Amperometry technique (i-t) 
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CHAPTER 4 Ultrafine Pt nanoparticles supported on double-

shelled C/TiO2 hollow spheres material as highly efficient 

methanol oxidation catalysts 

 

This chapter is based on a journal paper published in Journal of Energy Chemistry: 

X. Yue, Y. Pu, W. Zhang, T. Zhang, W. Gao, Ultrafine Pt nanoparticles supported on 

double-shelled C/TiO2 hollow spheres material as highly efficient methanol oxidation 

catalysts, Journal of The Energy Chemistry, 49 (2020) 275-282. 
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Chapter abstract 

Catalyst support is extremely important for future fuel cell devices. In this work, we 

developed double-shelled C/TiO2 (DSCT) hollow spheres as an excellent catalyst support 

via a template-directed method. The combination of hollow structure, TiO2 shell and 

carbon layer results in excellent electron conductivity, electrocatalytic activity, and 

chemical stability. These uniformed DSCT hollow spheres are used as catalyst support to 

synthesize Pt/DSCT hollow spheres electrocatalyst. The resulting Pt/DSCT hollow 

spheres exhibited high catalytic performance with a current density of 462 mA mg-1 for 

methanol oxidation reaction, which is 2.52 times higher than that of the commercial Pt/C. 

Furthermore, the increased tolerance to carbonaceous poisoning with a higher If/Ib ratio 

and a better long-term stability in acid media suggests that the DSCT hollow sphere is a 

promising C/TiO2-based catalyst support for direct methanol fuel cells applications. 

 

Graphical Abstract 
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4.1 Introduction 

Direct methanol fuel cells (DMFCs) have attracted tremendous interests due to the 

high volumetric energy density, low operating temperature and low pollution emission 

[97]. There are two main chemical reactions in DMFCs: methanol oxidation reaction 

(MOR) and oxygen reduction reaction (ORR). With the booming development of ORR 

catalysts [98, 99], the relevant high-efficiency electrocatalysts for MOR are urgently 

needed for the application of fuel cells [100]. The MOR in acidic solution includes two 

main steps: 1) Adsorption of methanol molecules to conduct the catalytic behaviour, and 

subsequently to produce CO and HCOO- intermediates; and 2) Oxidation of CO and 

HCOO- intermediates to CO2 [101]. Normally, the adsorbed intermediates can occupy the 

active sites, which means poisoning the catalyst. Up to now, platinum (Pt)-based catalysts 

have the highest catalytic activity for MOR in both acidic [101] and alkaline media [102]. 

The limited supply and prohibitive cost of Pt restrict its widespread usage. Furthermore, 

the CO poisoning effect on the catalysts is a big problem. To reduce the dependence on 

precious metal and avoid the poisoning effect, catalyst supports consisting of carbon 

materials [103, 104] and transition metal oxides (SiO2 [105, 106], SnO2 [107], TiO2 [20, 

108, 109], CeO2 [110] are extensively studied. Among them, oxides play a critical role 

owing to their charge transfer phenomena [111] and the ability to inhibit the dissolution 

of Pt [9].  Based on the calculation of density functional theory, titanium dioxide (TiO2) 

has been considered as one of the most promising catalyst supports. The experimental 

results demonstrated that the strong metal-support interactions between Pt and TiO2 can 

improve the catalytic performance [9].  

Methanol oxidation mechanism on Pt/TiO2 can be explained by a bifunctional theory 

[112] where the oxygen-containing species adsorbed on the TiO2 surface can accelerate 

the oxidation of intermediates. However, there are still some issues for TiO2 as the support 



43 

 

in the real applications including low electrical conductivity and low surface area. To 

increase conductivity, hybrid C/TiO2 materials have been studied [102]. Lee et al [91] 

prepared TiO2@carbon core-shell nanostructures. The combination of carbon and TiO2 

provides high conductivity and intimate contact with Pt NPs. Recently, considerable 

attention has been attracted by hollow-structured materials that act as high-efficiency 

support for uniform distribution of noble metal particles [104, 113]. More importantly, a 

hollow structure can reduce the use of precious metals and avoid the formation of close-

packed structures [101]. However, hollow TiO2/C composites were seldomly used as 

catalyst support. 

In this work, we synthesized Pt/double-shelled C/TiO2 (DSCT) hollow spheres by a 

template-directed method. The detailed synthesis route is illustrated in Scheme 4.1. The 

Pt/DSCT hollow spheres, compared with the commercial Pt/C catalyst, show an improved 

activity and stability for MOR, which can be attributed to the optimized dispersion of 

small Pt nanoparticles, the high specific surface area and the conductivity of C/TiO2, and 

the enhanced interactions of C/TiO2 and Pt. The excellent catalytic performance suggests 

that these hollow spherical composites can be an outstanding support in DMFC 

applications. 
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Scheme 4.1. Schematic diagram of formation of the Pt/DSCT hollow spheres. 

4.2 Experimental 

Tetra butyl titanate (TBOT), acetonitrile, ammonia solution (NH3·H2O, 28 wt%), 

sodium hydroxide (NaOH), sulfuric acid (H2SO4), Chloroplatinic acid hexahydrate 

(H2PtCl6·6H2O) polyvinyl pyrrolidone (PVP) (K30, Mw: 10000), glucose, formic acid 

(HCOOH), ethanol and methanol (CH3OH) were purchased from Sigma-Aldrich. The 

commercial Pt/C (20 wt.%) was purchased from Alfa Aesar. All chemicals were used as 

received without further purification. All aqueous solutions were prepared with ultrapure 

water (Millipore, 18.2 MΩ. cm). 

 

 

4.2.1 Materials 
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SiO2 particles were prepared according to the Stöber method [33]. In a typical 

experiment, a solution of TEOS (4.50 mL) and EtOH (100 mL) was poured into a mixture 

containing NH3•OH (9.0 mL), deionized water (24.75 mL) and EtOH (16.25 mL). The 

resulting suspension was stirred for 2 h at room temperature. SiO2 particles were then 

separated by centrifugation and washed three times and dried at 60 ℃. 

TiO2 shell was fabricated as previously reported with minor modification [114]. SiO2 

microspheres (300 mg) were added into a mixture of EtOH (100 mL), acetonitrile (30 

mL), and NH3•OH (0.5 mL), followed by sonication to homogeneously disperse the silica. 

Then TBOT (0.7 mL) was added dropwise. After reacting for 3 h, the TiO2/SiO2 particles 

are washed and separated by a centrifuge. 

C/TiO2/SiO2 spheres were obtained by a glucose-derived hydrothermal method [115]. 

TiO2/SiO2 particles were first dispersed into 1.50 mL of EtOH. Then the suspension was 

re-dispersed into a mixture of PVP (0.5 g), glucose (2 g) and deionized water (20 mL). 

The mixture was then sealed into a Teflon-lined autoclave (50 mL), followed by 

hydrothermal treatment at 160 ℃ for 12 h. The C/TiO2/SiO2 particles were isolated and 

washed with deionized water and ethanol for several times and dried. The C/TiO2/SiO2 

spheres were carbonized at 800 ℃ under Ar. Finally, the DSCT hollow spheres were 

obtained by etching SiO2 template in 1.0 M NaOH solution at 60 ℃ for 24 h. 

 

4.2.2 Sample synthesis 

4.2.2.1 Synthesis of SiO2 spheres  

4.2.2.2 Synthesis of TiO2/SiO2 spheres 

4.2.2.3 Synthesis of DSCT hollow spheres 
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Pt NPs were deposited on DSCT hollow spheres by a formic acid reduction method 

[7, 116]. 75 mg of catalyst support was homogeneously dispersed into 20 mL deionized 

water. A certain amount of H2PtCl6 
• 6H2O was then added into the above mixture. 

Followed by adding 1 mL of HCOOH, the reaction was carried out at 80 ℃ for 20 min. 

After the solution was cooled down to room temperature, the composite was washed by 

deionized water and ethanol several times, and finally dried. The Pt loading is ca 16.7 

wt.%.  

X-ray powder diffraction (XRD) data were obtained using Bruker D2-Phaser with Cu 

Kα1 radiation (λ = 1.5406 Å) in a 2θ range of 10°– 90°. Scanning electron microscopy 

(SEM) images and energy-dispersive X-ray spectroscopy (EDS) analysis was obtained by 

a field-emission scanning electron microscope (FESEM, Philips XL-30S). High-

resolution transmission electron microscopy (HRTEM), selected area electron diffraction 

(SAED) pattern and element mapping analysis were carried out using a FEI Tecnai G2 

F20 operating at 200 kV. Thermogravimetric analysis (TGA) was carried out under an O2 

flow using Netzsch STA 449 F5 from room temperature to 575 ℃ with a heating rate of 

10 ℃ min-1. X-ray photoelectron spectroscopy (XPS) measurement was conducted with 

an ESCALAB-MKII spectrometer (VG Co., U.K.) with an Al Kα X-ray radiation as the 

X-ray source for excitation and a chamber pressure of 3.5 ×10-7 Pa. 

All electrochemical tests were carried out on a PMC2000 by a three-electrode system 

at room temperature. Ag/AgCl (saturated KCl) electrode and Platinum foil were used as 

the reference electrode and counter electrode, respectively. A modified glassy carbon 

4.2.2.4 Synthesis of Pt/DSCT hollow spheres 

4.2.3 Material characterization 

4.2.4 Electrochemical measurements 
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electrode (GCE, ϕ = 3.0 mm) was used as the working electrode. To obtain homogeneous 

ink (2 mg mL-1) of the catalyst, a certain mass of catalyst was added into the mixed 

solution of isopropyl, water, and Nafion with a certain volumetric ratio (1: 20: 0.075). 

After the adequate ultra-sonication, 6 µL of ink was pasted onto the GCE. Then, the 

modified electrode is dried under an infrared lamp. 

The MOR performance was measured in 0.50 M H2SO4 and 1.0 M CH3OH solution. 

Before the measurement, several cycles of MOR were conducted in the same voltage 

range at a scan rate of 100 mV/s until the CV curves became stable. The accelerated 

durability test was performed by taking continuous CV scan between -0.2 and 0.95 V for 

cycles at 100 mV s -1. The chronoamperometry curves were performed at 0.65 V for a 

period of 1000 s in a 0.5 M H2SO4 and 1.0 M CH3OH solution. All experiments were 

performed at ambient temperature. 

4.3 Results and discussion 

Figure 4.1(a, b) shows the SEM images of DSCT hollow spheres. It can be observed 

that the hollow spheres have the outter diameters of ca. 380 nm with a rough surface. The 

broken products further demonstrate the hollow structure. The thickness of the shell is ca. 

25 nm. The inner diameter is ca.350 nm which is decided by the size of SiO2. The TEM 

images of DSCT hollow spheres in Figure 4.1(c, d) display that the typical hollow 

structure is 385 nm in diameter and 16–25 nm in thickness, which agrees with the SEM 

observation. The different contrast between the edge and centre demonstrates the uniform 

hollow structure. EDS (Figure 4.1 e) analysis confirms the existence of Ti, O and C, 

further proving the formation of DSCT hollow spheres. 

4.3.1 Characterization of Pt/DSCT hollow spheres 
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Figure 4. 1 (a, b) SEM, (c, d) TEM images and (e) EDS analysis of DSCT hollow spheres. 

TGA was used to determine the contents of TiO2 and carbon from 100 ℃ to 575 ℃ 

in O2 flow. As shown in Figure 4.2 (a), the TGA curve of the DSCT hollow sphere shows 

a weight loss of 42.2% between 250 and 450 ℃, which is attributed to the oxidation of 

carbon. The carbon facilitates the conductivity of the composite and plays a significant 
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role in catalysts. The ratio of TiO2 was calculated to be ~51.5%. Raman spectroscopy of 

the DSCT hollow spheres in Figure 4.2 (b) confirms the presence of carbon and 

characterizes the ordering of the carbon. The bands at 145, 409, 619 cm-1 are typical peaks 

of anatase TiO2  [44]. Two peaks located at 1347 cm-1 and 1587 cm-1 can be assigned to D 

and G bands of carbon indicating the existence of disordered carbon and graphitic carbon. 

The intensity ratio (ID/IG) of these two bands is ~0.99, suggesting a partial ordered 

graphitic microstructure [117]. 

 

Figure 4. 2 (a) TGA curve and (b) Raman spectrum of DSCT hollow spheres.  

The DSCT hollow spheres were used as catalyst supports and Pt NPs were deposited 

by formic acid reduction method [7, 116]. XRD in Figure 4.3 was used to analyse the 

crystal structure. The diffraction peaks at 25.2⁰, 37.69⁰, 47.8⁰, 54.78⁰, 62.43⁰, 69.51⁰ and 

75.4⁰ can be well attributed to anatase TiO2 (JCPDS no.71-1167). An additional broad 

peak at  25⁰ overlapped with the TiO2 (101) peak, which could be indexed to the graphitic 

carbon [5]. The relatively broad and dwarfing diffraction peaks revealed small crystal 

sizes. It is reported that the anatase plays a critical role in promoting Pt catalysts for MOR 

owing to its larger promotion effect [118]. Apart from the anatase TiO2, there are three 

diffraction peaks located at 40.2⁰, 46.7⁰, and 67.9⁰ which can be indexed to (111), (200) 
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and (220) planes of the face-centred cubic structure (FCC) for Pt (JCPDS no. 87-0647) in 

the Pt/DSCT hollow spheres. The XRD results show that the metal Pt has been 

successfully loaded onto the catalyst support. The grain size was calculated using TiO2 

(101) and Pt (111) with Scherrer equation d (Å) = Kλ/βcosθ, where K is a coefficient (0.9), 

λ is the wavelength of X-ray used (0.154 nm), β is the full-width half-maximum of the 

diffraction peak (rad), θ is the angle at the position of peak maximum (rad) [119], resulting 

in average crystal sizes of TiO2 and Pt are ~8.9 nm and ~3.1 nm, respectively.  

 

Figure 4. 3 XRD patterns of DSCT hollow spheres (black) and Pt/DSCT hollow spheres 

(red). 

As observed in Figure 4.4 (a-c), Pt NPs with relatively uniform sizes were anchored 

onto the surface of DSCT hollow spheres. The average size of Pt NPs is ~2.81 nm with a 

normal distribution (Figure 4.4d) and consistent with XRD results above. The HR-TEM 

image in Figure 4.3 (e) shows both Pt and TiO2. Two clear lattice fringes with interplanar 

distances at ~0.23 and ~0.35 nm are observed and match well with the d-spacings of fcc 



51 

 

Pt (111) [120, 121] and TiO2 (101) [47, 122]. The SAED pattern (Figure 4.4f) implies the 

polycrystalline structure of Pt/DSCT spheres. The diffraction ring patterns are well 

matched with the standard anatase TiO2 and the fcc Pt, again agreeing with XRD results. 

The element mapping mages of Pt/DSCT was shown in Figure 4.5, displaying the 

homogeneous presence of C, O, Ti and Pt. The high-resolution SEM images (Figure 4.6) 

possess a relatively rough surface which may be due to the successful coating of Pt NPs 

on the surface of DSCT. 

 

Figure 4. 4 (a-c) TEM images, (d) particle size distribution histogram of Pt NPs, (e) HR-

TEM image and (f) SAED pattern of Pt/DSCT hollow spheres. 
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Figure 4. 5 Element mapping images of Pt/DSCT showing the homogenous presence of 

C, O, Ti and Pt. 
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Figure 4. 6 SEM images of Pt/DSCT hollow spheres. 

XPS spectra were investigated to obtain the oxidation state and surface information. 

Figure 4.7(a) displays the XPS spectra of DSCT and Pt/DSCT hollow spheres. It reveals 

the presence of C, O and Ti in both samples. However, the Pt/DSCT hollow spheres 

consist of C, Ti, O and Pt.  Figure 4.7(b) shows the carbon bonds of Pt/DSCT, which can 

be separated into two peaks centred at 284.45 and 285.32 eV, corresponding to C-C, C-O 

and O=C-O bonds [123], suggesting the presence of oxygen containing functional group. 

As for the Ti 2p peak of Pt/DSCT in Figure 4.7(c), two peaks at 464.3 and 458.9 eV 

correspond to Ti 2p1/2 and Ti 2p3/2, respectively, which are close to that of anatase TiO2 

(464.2 and 458.5 eV) [118]. Furthermore, the Pt 4f peaks can be deconvoluted into 

doublets in Figure 4.7(d), indicating the coexistence of two electronic states of Pt. The 
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binding energies at 71.3 and 74.50 correspond to Pt (0) [53], and the peaks at 71.6 and 

75.50 eV are attributed to Pt (IV) or Pt-O bond [105].  

 

Figure 4. 7 XPS spectra of DSCT (black) and Pt/DSCT hollow spheres (red) (a), the 

corresponding high-resolution XPS spectra of C 1s (b), Ti 2p (c) and Pt 4f (d) in Pt/DSCT. 

 

The electrochemical surface area (ECSA) of Pt catalysts is an important factor 

determining its catalytic activity. Figure 4.8(a) shows the typical CVs of the Pt/DSCT 

hollow spheres and commercial Pt/C catalysts in 0.5 M H2SO4 solution. Typical hydrogen 

4.3.2 Electrochemical tests of Pt/DSCT hollow spheres 
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adsorption and desorption were observed in all catalysts between -0.2 and 0.2 V.  The 

ECSA of catalysts was evaluated by integrating the adsorption and desorption of hydrogen 

regions using the Equation (4.1) [124]： 

                                  ECSA = 𝑄𝐻/(0.21 × [𝑃𝑡])                                           Equation 4.1 

where QH is the charge (mA) for hydrogen desorption, [Pt] (in mg cm−2) is the Pt loading 

in the working electrode, and 0.21 (in mC cm−2) is the charge associated with oxidation 

of a single layer of hydrogen over the Pt surface. The mass loadings of Pt are listed in 

Table 4.1. The calculated ECSA values of the Pt/DSCT hollow spheres and commercial 

Pt/C are 51.05 and 24.2 m2 g-1, respectively. The ECSA of Pt/DSCT catalysts is 2.1 times 

higher than that of commercial Pt/C, indicating that more active sites are available on the 

surface of Pt/DSCT hollow spheres, which may be due to the large surface area and hollow 

structure of DSCT spheres.   

 

Figure 4. 8 CVs of commercial Pt/C (black) and Pt/DSCT (red): (a) in 0.5 M H2SO4, and 

(b) in 0.5 M H2SO4+1.0 M CH3OH solution.  
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Table 4. 1 Summary of results for MOR of Pt/DSCT hollow spheres and commercial Pt/C. 

Catalysts Pt loading 

(µg) 

ECSA 

(m2 g-1) 

Eonset 

(mV) 

Mass activity 

(mA mg-1 (If)) 

If/Ib 

Pt/DSCT hollow 

spheres 

2.0 51.05 0.35 462 1.34 

Commercial 

Pt/C 

2.4 24.2 0.47 205 0.84 

 

 Figure 4.8(b) shows the typical cyclic voltammetry responses of the catalysts for 

MOR at a scan rate of 50 mV s-1. The forward scan (If) at 0.65 V is related to the oxidation 

of methanol to carbonaceous intermediates species like HCOOH and CO. The backward 

scan (Ib) at ca. 0.42 V is primarily related to the removal of the intermediates produced in 

the forward scan. Pt/DSCT exhibits an onset potential of 0.35 V which is lower than that 

of commercial Pt/C (0.47 V). The current density of oxidation peak reaches at 462 mA 

mg-1 which is 2.25 times higher than that of Pt/C (205 mA mg-1) in the forward scan.  The 

superior electrocatalytic activity could be due to the ultrafine Pt NPs and the large surface 

area. The ratio of If/Ib indicates the electrocatalytic ability to remove the carbonaceous 

species. The high ratio reflects enhanced CO tolerance. The If/Ib of Pt/DSCT and Pt/C are 

~1.36 and ~0.84, respectively. Compared with Pt/C, the addition of TiO2 layer in Pt/DSCT 

significantly improved its CO-tolerance ability by providing adequate -OH groups [125], 

which can eliminate the carbonaceous species absorbed on Pt NPs via a bi-functional 

mechanism [112, 125]. The catalytic performance of the DSCT was also studied in Figure 

4.9. It was observed that there were no obvious oxidation peaks at DSCT, which 

demonstrated that DSCT has no clearly catalytic property for methanol. 
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Figure 4. 9 The CV curves of DSCT (black) and Pt/DSCT (red) in 0.5 M H2SO4 and 1.0 

M CH3OH solution. 

 

 

Figure 4. 10 (a) The relative activity of two catalysts before and after 1000 cycles in 0.5 

M H2SO4+1.0 M CH3OH solution, and (b) accelerated durability tests of commercial Pt/C 

(black) and Pt/DSCT (red). 
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To investigate the stability of catalysts for MOR, the accelerated durability tests were 

conducted for continuous 1000 cycles between -0.2 and 0.95 V in 0.5 M H2SO4 and 1.0 

M CH3OH solution. After 1000 cycles, the mass activity retention for Pt/DSCT and 

commercial Pt/C was 78.2% and 53.0 %, respectively (Figure 4.10 a, b). The If/Ib of 

Pt/DSCT electrocatalysts (~1.06) is still larger than that of commercial Pt/C (~0.83). The 

decrease of If/Ib may be due to the structure change or metal decomposition and 

aggregation during the long-term process. These results are consistent with the 

chronoamperometric curves in Figure 4.11. The mass activity remaining on Pt/DSCT is 

higher than that of Pt/C after 1000 tests. These above results suggest that the Pt/DSCT 

shows better stability and corrosion resistance. The morphological variations of these two 

materials before and after tests are compared in Figure 4.12. There are negligible changes 

after long-term cycles, whereas obvious aggregation on both catalysts can be seen. 

However, Pt/DSCT still owns smaller and more uniform Pt dispersion than that of Pt/C. 

In contrast with some earlier studies of Pt-based catalysts in Table 4.2 and Table 4.3, 

Pt/DSCT hollow spheres demonstrate the improved electrochemical activity and good 

CO-poisoning tolerance. These improved performances may be due to the ultrafine and 

uniform distribution of Pt NPs, the large surface area of hollow-structured catalyst support, 

and the possible strong metal-support interaction between Pt and TiO2 [111].  
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Figure 4. 11 The chronoamperometric curves of Pt/DSCT (a) and commercial Pt/C (b) 

recorded at 0.65 V in 0.5 M H2SO4  and 1.0 M CH3OH. 

 

 

Figure 4. 12 TEM images of commercial Pt/C before (a) and after (b) 1000 cycles; 

Pt/DSCT before (c) and after (d) 1000 cycles 
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Table 4. 2 Comparison of catalytic performance and If/Ib of different Pt-based catalysts 

for MOR in 0.5M H2SO4 and 1.0 M CH3OH, scan rate = 50 mV s-1. 

Catalysts Mass activity 

(mA mg-1 If
 ) 

If/Ib References 

Pt/TiO2-C 415 0.95 [118] 

Pt-Ag 400 1.4 [36] 

Pt@MoS2/N-rGO 448 1.37 [126] 

Pt-SiO2 hollow sphere 270 0.9 [105] 

Pt /TiO2 sphere 254 1.07 [127] 

Commercial Pt/C 205 0.84 This work 

Pt/DSCT hollow 

sphere 

462 1.32 This work 
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Table 4. 3 Comparison of catalytic performance and If/Ib ratio of different Pt/C/TiO2 

composites catalysts for MOR scan rate = 50 mV s-1. 

Catalysts Electrolyte Mass activity 

(mA mg-1 If) 

If/Ib References 

Commercial Pt/C 0.5 M H2SO4 

1.0 M CH3OH 

205 0.84 This work 

Pt/DSCT hollow 

sphere 

0.5 M H2SO4 

1.0 M CH3OH 

462 1.32 This work 

Pt/TiO2/C 0.5 M H2SO4 

0.5 M 

CH3OH 

102.8 ~ 1.16 [128] 

Pt/TiO2@C-900 0.5 M H2SO4 

2.0 M 

CH3OH 

~152 ~0.62 [91] 

Pt/TiO2-C 0.5 M H2SO4 

1.0 M 

CH3OH 

415 0.95 [118] 

Pt/Graphene/N-doped 

TiO2 nanotubes 

0.5 M H2SO4 

0.5 M 

CH3OH 

446.8 ~1.0 [129] 

 

To compare the kinetic process of methanol oxidation, CV curves of Pt/DSCT and the 

commercial Pt/C towards MOR at different scan rates (20, 40, 60 80 and 100 mV s-1) were 

obtained in 0.5 M H2SO4 and 1.0 M CH3OH solution. As shown in Figure 4.13 (a, c), both 

forward peak current density and peak potential rise with increasing scan rates, implying 

the completely irreversible methanol oxidation process. The forward peak current 

densities were linearly proportional to the square of the scan rates (Figure 4.13 b, d), 

revealing that the MOR is a diffusion-controlled process [130]. The slopes of Pt/DSCT 

and Pt/C are 42.07 and 15.40, respectively. According to Randle-Sevick equation [102], 
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the larger slope of  Pt/DSCT implied a better electrocatalytic activity and faster MOR 

transportation kinetics than commercial Pt/C [121, 131].  

 

Figure 4. 13 CVs of MOR at different scan rates and corresponding plots of forward peak 

current vs square root of scan rate for Pt/DSCT (a, b) and Pt/C (c, d) in 0.5 M H2SO4 and 

1.0 M CH3OH solution. 

4.4 Conclusions 

In conclusion, DSCT hollow spheres are synthesized as the catalyst supports with 

homogeneous distribution of Pt NPs. The Pt/DSCT hollow spheres exhibited much 

improved catalytic performance, anti-poisoning ability with increased If/Ib value and 

better electrocatalytic stability for MOR than that of the commercial Pt/C. These 

improvements can be explained by the unique hollow structure, which possesses a large 
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surface area, uniform dispersion of ultrafine Pt NPs, and strong metal-support interactions 

between Pt and DSCT hollow spheres. This work may pave a new path to a new type 

TiO2/C catalyst support for application in DMFC. 
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CHAPTER 5 A one-pot method to prepare rice-shaped TiO2 /C/Ni 

composite catalyst for methanol oxidation reaction                                                                       

 

This chapter is based on a journal paper published in Journal of The Electrochemical Society: 

X. Yue, Y. Pu, S. Wei, S.W. Bokhari, W. Gao, A One-Pot Method to Prepare Rice-Shaped 

TiO2/C/Ni Composite Catalyst for Methanol Oxidation Reaction, Journal of The 

Electrochemical Society, 167 (2020) 024503. 
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Chapter abstract 

TiO2/C/Ni composite is synthesized by carbonizing NiEGTi polymer under a reductive 

atmosphere. The as-prepared materials were characterized using XRD, SEM, EDS, HRTEM, 

and Raman IR. The electrocatalytic activity of methanol oxidation reaction was carried out in 

an alkaline medium. The as-synthesized TiO2/C/Ni-500 composite possesses a unique rice-

shaped structure with a homogenous dispersion of Ni and TiO2 nanoparticles in the carbon 

matrix. These composite exhibits superior electro-catalytic performance for methanol 

oxidation (at 45 mA cm-2) with excellent stability and a very low onset potential (0.35 V) in 

alkaline solution. The enhanced electrochemical activity and stability can be attributed to the 

synergetic effect in the TiO2/C/Ni composite. This work opens a new technique to develop 

non-noble metal catalysts for direct methanol fuel cells. 

 

Graphical abstract 
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5.1 Introduction 

With the ever-increasing energy demands and rapid depletion of fossil fuels, direct 

methanol fuel cells (DMFCs) are considered as one of the most promising power conversion 

devices as they possess advantages of high specific energy and high energy conversion 

efficiency for portable devices [3, 132]. In DMFCs, methanol oxidation reaction (MOR) 

undergoes an anode catalyst reaction as Equation (5.1) [133].  

C𝐻3OH + 𝐻2𝑂 → 𝐶𝑂2 + 6𝐻 + 6𝑒−                                                                                               Equation 5.1 

Platinum (Pt) [20, 49, 132, 134] and palladium (Pd) based [70, 135] catalysts have been 

extensively studied. However, the high cost and intermediate poisoning of noble catalysts limit 

their application [136]. Developing alternative non-noble metal catalysts paves a new way of 

designing a new generation of anode electrocatalysts.  

Recently, Ni-based catalysts, as a type of non-noble metal catalysts have attracted much 

attention due to their low cost, great electrochemical stability, and high electro-catalytic 

performance. They also show the potential applications in the oxidation of simple organic 

compounds such as methanol and ethanol in the alkaline media [137, 138]. In alkaline solution, 

the Ni redox (Ni (OH)2/Ni (OH)3) is formed on the surface of electrode materials, and normally 

the high valance NiOOH is recognized as the electroactive sites for catalytic reactions. Several 

Ni-based catalysts have been reported such as Ni [139, 140], NiO [141, 142], Fe−Ni Hydroxide 

[137] and Ni–P–O compound [143].  

Carbon materials [132] are widely used as catalyst supports. However, the instability of 

carbon-based supporting materials due to corrosion is one of the major challenges for fuel cells 

[144]. To overcome this issue, several oxide supporting materials have been studied such as 

TiO2 [134], SnO2 [144] and CeO2 [145],. These materials show good stability for oxygen 

storage and release, TiO2 [146] is one of the most promising candidates because of its 
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abundance, low cost and environmental friendliness. Although TiO2 can improve the corrosion 

resistance and stability, the low electronic conductivity severely limits its application. 

Therefore, TiO2/carbon system [20, 147] has been studied as conductivity-enhanced catalyst 

support for fuel cells. The combination of TiO2 with carbon can simultaneously boost the 

conductivity and inhibit the corrosion of carbon materials. However, the research on TiO2/C/Ni 

composites for methanol oxidation in alkaline solution is very limited [148]. 

This work proposes a facile approach to synthesise TiO2/C/Ni composites derived from a 

hybrid NiEGTi precursor and use it as the electro-catalyst for MOR. This composite exhibits a 

unique structure, in which the carbon matrix was obtained after the pyrolysis of organic linkers 

(ethylene glycol). Meanwhile, TiO2 and Ni nanoparticles are homogeneously embedded into 

the carbon matrix. TiO2 nanoparticles enhance its stability and carbonaceous matrix provides 

the superior conductivity, resulting in very good electro-catalytic activity for the methanol 

oxidation. 

5.2 Experimental section 

Nickel chloride hexahydrate (NiCl2·6H2O), polyvinyl pyrrolidone (PVP) (Mw: 10000), 

ethylene glycol (EG), tetra butyl titanate (TBOT), sodium hydroxide (NaOH), sulfuric acid 

(H2SO4) and methanol (CH3OH) were purchased from Sigma-Aldrich. All chemicals in this 

work were analytical grade and used without any further purification. All the aqueous solutions 

were prepared with ultrapure water (Millipore, 18.2 MΩ.cm). 

 

5.2.1 Materials 

5.2.2 Sample preparation 

5.2.2.1 Synthesis of NiEGTi precursors 
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The synthesis process of NiEGTi precursors follows a previous method with a minor 

modification [149]. In a typical synthesis, 357 mg of NiCl2•6H2O and 50 mg PVP were 

dissolved in 40 mL of EG at room temperature. Then 0.25 mL TBOT was added dropwise to 

form a greenish solution. The mixture was stirred completely and followed by adding 155 mg 

of NaOH. After reacting for 48 h, the greenish product was centrifuged and washed by absolute 

ethanol for three times and dried completely at 60 ºC. 

The rice-shaped TiO2-C-Ni-500 particles were synthesised by reducing NiEGTi precursors 

under Formier 5 (H2 (5%)/N2) at 500 ºC for 2 h at a heating rate of 3 ºC/ min. In addition, 

TiO2/C/Ni-400 and TiO2/C/Ni-600 composites were also prepared at different calcination 

temperatures of 400 ºC and 600 ºC, respectively. The synthetic process of TiO2/C/Ni is 

illustrated in Scheme 5.1. 

 

Scheme 5.1. Illustration of the formation of the rice-shape TiO2/C/Ni. 

 

 

 

5.2.2.2 Synthesis of TiO2-C-Ni 
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For comparison, TiO2-C was synthesized by etching Ni from TiO2/C/Ni-500 in 0.5 M 

H2SO4, while TiO2/Ni was obtained by annealing NiEGTi precursors in air and followed by 

reducing in Formier 5 at 500 ºC for 2 h.  

X-ray powder diffraction (XRD) was conducted on Bruker D2-Phaser with Cu Kα1 

radiation (λ = 1.5406 Å) in a 2θ ranging from 10° to 90°. Scanning electron microscopy (Philips 

XL-30S) with energy-dispersive X-ray spectroscopy (EDS) were used to study the 

microstructure and composition. High-resolution transmission electron microscopy images and 

SAED patterns were obtained by FEI Tecnai G2 F20 operating at 200 kV. Raman analysis was 

performed on Renishaw in Via Reflex micro spectrometer with 532 nm laser excitation. 

Electrochemical tests were carried out on a PMC2000 station by a three-electrode system 

at room temperature. Ag/AgCl (saturated KCl) electrode and platinum foil were used as the 

reference and counter electrodes. A modified glassy carbon electrode (GCE, ϕ = 3.0 mm) was 

used as the working electrode. To obtain the homogeneous ink (2 mg mL -1) of the catalyst, the 

catalyst was added into the mixed solution of isopropyl, water, and Nafion with a volumetric 

ratio of 1: 20: 0.075. After adequate ultra-sonication, 15 µL of ink was pasted onto the GCE.  

Then, the modified electrode is dried at room temperature. Then, the modified electrode is dried 

under an infrared lamp. 

Cyclic voltammetry (CV) was recorded at the scan rates of 20, 40, 60, 80, and 100 mV/s in 

1.0 M NaOH sequentially in a potential ranging from -0.2 to 0.6 V. The MOR performance 

was measured in 1.0 M NaOH and 1.0 M CH3OH. Before measurement, 20 cycles were 

conducted in the same voltage range at a scan rate of 100 mV/s until the CV curves became 

5.2.2.3 Synthesis of reference samples 

5.2.3 Materials Characterizations 

5.2.4 Electrochemical Measurements 
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stable. Durability measurement was performed for 50 cycles at a scan rate of 100 mV/s. 

Chronoamperometric (I - t) curve was obtained at 0.6 V for 1200 s in 1.0 M NaOH and 1.0 M 

CH3OH. All experiments were conducted at ambient temperature. 

5.3 Result and discussion 

Figure 5.1 shows the XRD patterns of samples calcined at 400, 500 and 600 ºC for 2 h. The 

well-resolved diffraction peaks can be indexed as TiO2 and Ni. Only anatase TiO2 phase is 

found in TiO2/C/Ni-400 (dark line), while in TiO2/C/Ni-500 (red line), the rutile phase coexists 

with anatase phase. The mixture of anatase and rutile has been reported as the best support 

[150]. When thermal treated at 600 ºC (blue line), only the rutile phase is detected. In these 

three samples, Ni can be clearly observed with different crystalline and particle sizes, but the 

peak intensity and shape varied with different calcination temperature, which indicates that Ni 

has different crystallinity and crystal sizes. The gradually increasing peak intensities with 

increasing temperature indicate the growing size of the highly crystalline TiO2 and Ni particles. 

No notable carbon signals are detected in all samples due to the low carbon content and 

graphitization degree.  

 

5.3.1 Characterizations of as-prepared samples 
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Figure 5. 1 XRD patterns of TiO2/C/Ni composites synthesized at 400 ⁰C (black curve), 500⁰C 

(red curve), and 600⁰C (blue curve). 

 

Figure 5. 2 The Raman spectrum of rice-shaped TiO2/C/Ni 500. 
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Raman spectrum in Figure 5.2 further verifies the composition of the TiO2/C/Ni-500. Two 

shifts at 1340 and 1602 cm−1 are ascribed to the D and G bands of carbon respectively, evidence 

of high conductive carbon [151]. Other shifts located at 149, 398, 517, and 640 cm−1 are 

indexed to the anatase TiO2 [152]. These results could further confirm the formation of 

TiO2/C/Ni composites. 

 

Figure 5. 3 (a-b) SEM images and (c) EDS spectrum of TiO2/C/Ni-500. 



73 

 

Figure 5.3 (a-b) show the SEM images of the rice-shaped TiO2/C/Ni-500 composites. 

Apparently, the composites in Figure 5.3 (a) are highly dispersed with the average length and 

width of ca. 1 µm and 165 nm, respectively. The high-magnification SEM image in Figure 5.3 

(b) shows that the surface of TiO2/C/Ni-500 composites are relatively rough, which is 

consistent with the TEM images in Figure 5.4(a). The surface roughness results from the 

random distribution of Ni and TiO2 nanoparticles in the carbon matrix. In addition, EDS 

analysis in Figure 5.3 (c) reveals the elemental composition of C, Ti, O, and Ni. The TEM 

images in Figure 5.5 demonstrate that both TiO2/C/Ni-400 and TiO2/C/Ni-600 possess similar 

morphologies. However, the TiO2 and Ni particle sizes increased and aggregated with the rising 

temperature consisting of the XRD results. 

The rice-shaped TiO2/C/Ni-500 composites were further characterized by high-resolution 

TEM and the images are given in Figure 5.4 (b), showing massive nanoparticles with an 

average size of ~10 nm monodispersed in the carbon matrix. The formation of rice-shaped is 

due to the co-formation of Ni and TiO2 nanoparticles in the unique structure. In Figure 5.4(c), 

the SAED pattern of the marked area reveals the polycrystalline structure of TiO2 and metallic 

Ni, which is further confirmed by HRTEM in Figure 5.4 (d). The lattice fringe of 0.344 nm 

corresponds to the d-spacing of crystal plane of anatase TiO2 (101), while the lattice fringe of 

0.198 nm can be assigned to the d-spacing of (111) plane of Ni. Notably, the carbon layer 

functions as a bridge between Ni and TiO2 nanoparticles. Based on these results, it is justified 

that Ni and TiO2 nanoparticles are immersed in the carbon matrix to form a unique structure. 

While Ni acts as electroactive sites, TiO2 generates active -OH group for CO oxidation on the 

neighboring active sites via bifunctional mechanism and releases active sites for methanol 

oxidation. The carbon layer between TiO2 and Ni nanoparticles may avoid the aggregation of 

Ni-TiO2 [153].  
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Figure 5. 4 Bright Field TEM images (a-b), SAED (c) of the marked area in (b), and HRTEM 

lattice fringe image (d) of TiO2/C/Ni-500 composites. 
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Figure 5. 5 TEM images of TiO2/C/Ni-400 (a) and TiO2/C/Ni-600 (b). 

Ni-based catalysts have shown both MOR and oxygen evolution reaction (OER) in a similar 

voltage range in alkaline medium [154]. In order to find out the appropriate range to make out 

the MOR performance, we compared the CVs of TiO2/C/Ni-500 in 1.0 M NaOH solution in 

potential ranges of -0.2 to 0.8 V(red curve) and -0.2 to 0.6 V(black curve); CVs of TiO2/C/Ni-

500 in 1.0 M NaOH and 1.0 M CH3OH solution in potential ranges of -0.2 to 0.8 V(green curve) 

and -0.2 to 0.6 V(blue curve).  As can be seen from Figure 5.6, it is found that the OER process 

occurred over 0.65 V. In contrast, the MOR could be clearly observed over 0.35 V. It is 

worthwhile to point out that the current density is contributed by both MOR and OER processes 

when the potential is over 0.65 V. Therefore, to evaluate MOR performance without the 

interference from OER, the potential range in the following tests is set from -0.2 to 0.6 V.  

5.3.2 Electro-catalytic characterization 
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Figure 5. 6 CVs of TiO2/C/Ni-500 in 1.0 M NaOH with and without 1.0 M CH3OH solution 

in different potential ranges at a scan rate of 50 mV s -1. 

 

To study the effect of temperature, the MOR catalytic activity of the synthesized TiO2/C/Ni 

composites was evaluated by CV in 1.0 M NaOH and 1.0 M CH3OH solutions. Figure 5.7(a) 

shows that TiO2/C/Ni-500 has the best MOR performance among others, displaying a current 

density of 45 mA cm-2 at 0.6V with the lowest onset potential at 0.35 V, which is much more 

negative than other reported Ni-based catalysts [155]. In order to get a deep insight into the 

MOR performance, the CV curves in Figure 5.7(b) of TiO2/C/Ni-500 were recorded at a 

scanning rate of 50 mV/s with and without 1.0 M CH3OH and 1.0 M NaOH solution.  It can be 

clearly seen that the anodic current density increases sharply after the addition of methanol, 

which undoubtedly comes from high electrochemical oxidation performance of methanol. Thus, 

the electro-oxidation mechanism of methanol can be explained as follows:  

Ni + 2O𝐻− → 𝑁𝑖(𝑂𝐻)2 + 2𝑒−                                                                       Equation 5.2 

Ni(OH)2 + 𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−                                                       Equation 5.3 

NiOOH + 𝐶𝐻3𝑂𝐻 → 𝑁𝑖(𝑂𝐻)2 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑓 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝐶𝑂)                  Equation 5.4 
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Figure 5. 7 (a) CVs of TiO2/C/Ni-400, TiO2/C/Ni-500, and TiO2/C/Ni-600 in 1.0 M NaOH 

and 1.0 M CH3OH solution,  and (b) CVs of TiO2/C/Ni-500 in 1.0 M NaOH with and without 

1.0 M CH3OH solution at a scan rate of 50 mV s -1. 

 

Figure 5.8(a) shows the CVs of TiO2/C/Ni-500 with different scan rates from 20 to 100 

mV/s. In all, there are a pair of redox peaks between 0.3 and 0.4 V corresponding to the Ni2+ 

and Ni3+ redox couple according to Equation (5.3). Intriguingly, the current densities of both 

oxidation and reduction peaks rise with the stepwise increased scan rates. At the same time, 

the anodic potential shifts positively but the cathodic potential shifts negatively. There is a 

perfect linear relationship (R2 = 0.995) between anodic peak current densities and the square 

of scan rates, Figure 5.8(b), implying that the electrochemical reaction of NiOOH from 

Ni(OH)2 is a diffusion-controlled process, which is in agreement with previous reports [138].  
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Figure 5. 8 (a) CVs of TiO2/C/Ni-500 in 1.0 M NaOH solution at scan rates of 20, 40, 60, 80, 

and 100 mV s -1, and (b) the relationship between anodic current density and square root of 

scan rate. 

 

Stability of the TiO2/C/Ni-500 composites were assessed by continuous CVs in 1 M NaOH 

solution containing 1 M CH3OH (Figure 5.9a), showing there is almost no loss of anodic 

current density at 0.6 V after 50 cycles. The stability of TiO2/C/Ni-500 was also evaluated by 

chronoamperometry at 0.6 V for 1200 s (Figure 5.9b). It is found that the current density only 

had a minor change over time, suggesting that the long-term stability of TiO2/C/Ni-500 can be 

applied as the anode electro-catalyst for DMFCs. 
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Figure 5. 9 (a) CVs of TiO2/C/Ni-500 in 1.0 M NaOH and 1.0 M CH3OH solution at a scan 

rate of 50 mV s-1 before and after 50 cycles, and (b) I-t curve at 0.6 V in 1.0 M NaOH and 1.0 

M CH3OH solution. 

 

The functionalities of Ni and carbon were determined by testing the methanol oxidation 

performance of TiO2/C and TiO2/Ni individually. Ni is selectively etched by acid, and C is 

removed by calcination and followed by H2 reduction. The XRD results in Figure 5.10 show 

that there is no Ni in TiO2/C after etching, and the XRD pattern of TiO2/Ni is like that of 

TiO2/C/Ni-500.  
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Figure 5. 10 XRD patterns of synthesized electro-catalysts TiO2/C (grey curve), and TiO2/Ni 

(black curve). 

 

The CV curves of TiO2/C and TiO2/Ni in 1.0 M NaOH and 1.0 M CH3OH solution exhibit 

a considerable difference in methanol oxidation performance, as shown in Figure 5.11. No 

oxidation peak of TiO2/C can be detected. The anodic current density on TiO2/C/Ni-500 at 0.6 

V is around 33 times higher than that on TiO2/Ni. In Figure 5.12, multiple cavities can be 

observed from the TiO2/C composites that have been etched in sulfuric acid, which are inferred 

to be the original sites of Ni nanoparticles. Without the carbon layer, aggregation of TiO2 and 

Ni nanoparticles can be seen clearly in TiO2/Ni composites. All these results indicate that 

neither TiO2 nor C can solely act as the catalytic active sites. Addition of C does not only 

improve the conductivity but also inhibits the aggregation of Ni and TiO2 nanoparticles. As for 

TiO2, the high dispersion of TiO2 nanoparticles in this structure can boost the formation of 

active NiOOH species (Nickel oxide hydroxide), which enhanced the electrocatalytic activity 

and stability of TiO2/C/Ni composites for MOR. 
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Figure 5. 11 CVs of TiO2/C, TiO2/Ni, and TiO2/C/Ni-500 in 1.0 M NaOH and 1.0 M CH3OH 

solution at a scan rate of 50 mV s -1. 

 

 

Figure 5. 12 TEM images of TiO2/C (a) and TiO2/Ni (b). 

5.4 Conclusions 

In summary, we have successfully developed a “one-pot” approach to prepare TiO2/C/Ni 

composite by spontaneously reducing the NiEGTi polymer under Formier 5 gas. Different 
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phases and sizes of TiO2 and Ni particles can be obtained by controlling calcination conditions. 

TEM and HRTEM images further confirm the high dispersion of TiO2 and Ni nanoparticles 

into the carbon matrix. These rice-shaped TiO2/C/Ni-500 composites perform the best 

electrocatalytic activity with a low onset potential and good stability for the methanol oxidation 

reaction in alkaline solution, which paves a new way to develop high-performance/non-noble 

metal catalysts for DMFCs.  
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CHAPTER 6 TiO2/Ni-bamboo-like carbon nanotubes composite 

as highly efficient nonprecious electro-catalyst for methanol 

oxidation reaction 

 

This chapter is based on a journal paper under submission to Journal of Power Sources： 

X. Yue, W. Gao. “TiO2/Ni-Bamboo-like Carbon Nanotubes composite as highly efficient 

nonprecious electro-catalyst for the methanol oxidation reaction”. 
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Chapter abstract 

High performance and non-precious metal catalysts for methanol oxidation reaction (MOR) 

are highly desirable for widespread applications of direct methanol fuel cells (DMFCs). Here 

we synthesized a durable and highly active MOR electrocatalyst via high temperature co-

pyrolysis of NiO/TiO2 rods and graphitic carbon nitride. NiO acts as a catalyst to catalyse the 

formation of bamboo-like carbon nanotubes (BCNT). During the pyrolysis process, Ni 

nanoparticles are engulfed in carbon nanotubes. Owing to the special structure and composition, 

the TiO2/Ni-BCNT composite exhibits higher catalytic performance and better long-term 

stability than NiO/TiO2 rods towards MOR in alkaline solution. This technique may be used in 

other catalysts systems. 

 

Graphical abstract 
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6.1 Introduction 

As one of the alternative energy sources, direct methanol fuel cells (DMFCs) act as a 

promising candidate for fossil fuels and environmental friendliness due to the high energy 

density, low operating temperature, and low pollution [156]. In DMFCs anode, methanol is 

oxidized. For the oxidation reaction of methanol, electrocatalysts play a key role. Till now, Pt 

and Pt-based catalysts [121, 131, 157] have been used as the most effective electro-catalysts 

for methanol oxidation. However, the commercialization is hindered by several drawbacks 

such as poor kinetic reaction due to the CO-like poisoning of Pt, low stability, and high cost of 

Pt catalysts. Henceforth, it is of great significance to make an efficient catalyst to reduce or 

replace Pt with improved electrocatalytic performance and long-term stability [136, 158].  

Recently, inexpensive and efficient catalysts for MOR have been studied, including non-

noble metals Ni [5], Co [44] , Mn [159] and Cu [18]. Transition metal oxides (TMOs) including 

NiO [19, 52], CoO [22, 160], MnO2, and TiO2 [11, 92, 161] have also been studied as methanol 

oxidation catalysts or catalyst supports. Although, Ni-based nanomaterials such as Ni, NiO, 

PtNi, NiCo, NiCu alloy particles, NiCo2O4 [162] and Ni(OH)2 have been studied as the 

candidates for MOR, yet the aggregation of nanoparticles during long-term tests is the main 

factors that limit their wide application. 

In our previous report [163], NiO/TiO2 sub-micro rods synthesized by an ethylene glycol-

mediated method showed a good electro-catalytic performance for methanol oxidation in 

alkaline solution as a non-precious catalyst. However, the conductivity is relatively low which 

limits its electrocatalytic activity. Supporting materials play an important role in designing and 

developing novel catalysts for their performance. Optimizing the structure and composition of 

catalyst supports is vital for the improvement of catalytic performance.  
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Carbonaceous supports such as carbon nanotube, graphene, and hollow carbon spheres 

have been studied as promising supports due to their large surface area and high conductivity. 

In recent years, Fe, Co and Ni decorated bamboo-like carbon nanotubes (BCNTs) [98, 164] 

with large surface area and high electric conductivity have attracted much attention as high 

performance and nonprecious electrocatalysts for oxygen reduction reaction (ORR). For 

example, Liu et al. [164] designed Co/BCNT nanoparticle hybrids via pyrolysis of g-C3N4 and 

Co-salt. Normally, different kinds of Co and Ni salts are used to obtain BCNT or CNT. The 

deposition of metal catalyst nanoparticles on the catalyst support with high dispersion is of 

crucial importance for understanding the mechanism of catalytic reaction and improvement 

performance. 

In this work, we reported a simple method to prepare TiO2 and Ni co-doped BCNT 

(TiO2/Ni-BCNT-700) hybrids which were obtained by pyrolyzing NiO/TiO2 with graphitic 

carbon nitride (g-C3N4) under N2 atmosphere at 700 ℃ (Scheme 6.1). To the best of our 

knowledge, this is the first time to use Ni-BCNT-based material as methanol oxidation 

electrocatalyst. This composite shows better catalytic performance and stability than NiO/TiO2 

rods, which is attributed to the large surface area, enhanced electrocatalytic activity, and CNT 

wrapped Ni particles to avoid aggregation during long-term operation. This novel composite 

exhibits superior electrocatalytic performances for methanol reaction, which can be useful as a 

potential non-Pt based anode catalysts in alkaline DMFCs. 
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Scheme 6.1 Synthesized procedure for fabricating TiO2/Ni-BCNT composites. 

6.2 Experimental procedure 

Nickel chloride hexahydrate (NiCl2·6H2O), tetra butyl titanate (TBOT), polyvinyl 

pyrrolidone (PVP) (Mw: 10000), sodium hydroxide (NaOH), potassium hydroxide (KOH) 

melamine, Nafion (5 wt.%) solution were purchased from Sigma-Aldrich. Ethylene glycol 

(EG), methanol (CH3OH) and sulfuric acid (H2SO4) were obtained from Merck ECP Limited. 

All chemicals were used without further purification. The solutions were prepared with 

ultrapure water (Millipore, 18.2 MΩ. cm). 

Bulk g-C3N4 was synthesized via thermal polymerization of melamine according to our 

previous report [165]. In short, a covered crucible containing 5 g of melamine was heated to 

550 ℃ in a muffle furnace for 4 h with a heating rate of 5 ℃ min-1 in air. 

6.2.1 Materials  

6.2.2 Synthesis of composites 

6.2.2.1 Fabrication of melamine derived bulk g-C3N4 
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Based on our previous work [148, 163], the NiEGTiprecursors were synthesized with a 

minor modification. NiEGTi precursors were heated to 450 ℃ in a muffle furnace for 4 h with 

a heating rate of 5 ℃ min-1 in air to obtain yellow coloured NiO/TiO2 rods. 

In a typical synthesis of TiO2/Ni-BCNT-700, 0.04 g of NiO/TiO2 and 0.20 g of bulk g-C3N4 

were mixed and grinded in an agate mortar. Subsequently, the mixture was put in a covered 

quartz boat pyrolyzed in a tube furnace heated up with a heating rate of 5 ℃ min-1 to 700 ℃ 

and held for 2 h. To study the temperature influence, the mixture was also treated at 600 ℃ 

and 800 ℃. The as-prepared samples were named as TiO2/Ni-BCNT-600 etc. 

Thermogravimetric analysis (TGA) was carried out using Netzsch STA 449 F5. Raman 

spectra were obtained using an RM 1000 Raman instrument equipped with an air-cooled argon 

ion at 488 nm excitation laser. Fourier-transform infrared (FTIR) analysis was conducted with 

Perkin Elmer FT-IR Spectroscopy Attenuated Total Reflectance (ATR). X-ray powder 

diffraction (XRD) was performed on Bruker D2-Phaser with Cu Kα1 radiation (λ = 1.5406 Å) 

in a 2θ range of 10° - 90°. Scanning electron microscopy (SEM) and energy-dispersive 

spectroscopy (EDS) analysis was obtained by a field-emission scanning electron microscope 

(FESEM, Philips XL-30S). High-resolution transmission electron microscopy (HRTEM), 

selected area electron diffraction (SAED) and element mapping analysis were carried out using 

a FEI Tecnai G2 F20 operating at 200 kV.  

All electrochemical tests were carried out on a CHI 650E by a three-electrode system at 

room temperature. Ag/AgCl (saturated KCl) electrode and platinum foil were used as the 

6.2.2.2 Synthesis of NiO/TiO2 

6.2.2.3 Synthesis of TiO2/Ni-BCNT 

6.2.3 Materials characterization 

6.2.4 Electrochemical Measurements 
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reference electrode and counter electrode, respectively. A modified glassy carbon electrode 

(GCE, ϕ = 3.0 mm) was used as the working electrode. To obtain homogeneous ink (2 mg mL-

1) of catalyst, a certain mass of catalyst was added into the mixed solution of isopropyl, water, 

and nafion with a certain volume ratio (1:20: 0.075). After adequate ultra-sonication, 35 µL of 

ink was pasted onto the GCE. Then, the modified electrode is dried under an infrared lamp. 

Cyclic voltammetry (CV) was recorded at the scan rates of 10, 20, 40, 50, and 60 mV/s in 

1.0 M KOH sequentially in a potential ranging from -0.2 to 0.6 V. The MOR performance was 

measured in 1.0 M KOH and 1.0 M CH3OH solution. Before the measurement, several cycles 

of MOR were conducted in the same voltage range at a scan rate of 100 mV/s until the CV 

curves became stable. The accelerated durability test was performed by taking continuous CV 

scans between -0.2 and 0.6 V for cycles at 100 mV s -1. Chronoamperometric (I - t) curve was 

obtained at 0.6 V for 3600 s in 1.0 M KOH and 1.0 M CH3OH. All experiments were performed 

at ambient temperature. 

6.3 Result and discussion 

FT-IR spectra (Figure 6.1a) from 450 to 4000 cm-1 of NiEGTi and EG were measured at 

room temperature to confirm the formation of NiEGTi precursors. The observed characteristic 

absorption band in the range of 2830-2950 cm-1 can be attributed to the symmetric and 

asymmetric vibrations of C-H stretching vibration bands of ethylene glycol [166]. The bands 

are split (2928, 2880, and 2832 cm-1) in NiEGTi precursors which is caused by the chelating 

coordination to Ni2+ cations to lower the symmetry of the ligand and increase the number of 

absorptions [166]. Three bands at 1324, 1236 and 1069 cm-1 were observed and assigned to C-

O-Ti or C-O-Ni [167]. While the Ti-O band shifted to 612 cm-1, the obvious O-O vibrations 

shifted to 881 cm-1 [33]. The two bands at 612 and 506 cm-1 were assigned to Ti-O-Ti and Ni-

6.3.1 Formation of NiEGTi precursors and g-C3N4  
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O [168]. The graphitic structures of these g-C3N4 samples were also confirmed by FTIR in 

Figure 6.1(b). The skeletal stretching vibrations of the CN heterocycles lie at 1200 to 1650 cm-

1 [169]. The characteristic peaks of the tri-s-triazine units is at 804 cm-1.  

 

Figure 6. 1 FT-IR of (a) as-prepared NiEGTi precursors and EG, and (b) g-C3N4. 

Thermal analyses were conducted to characterize the thermal decomposition behaviors of 

the NiEGTi precursors and mixer of NiO/TiO2 with g-C3N4 to identify the transformation 

temperatures of NiO/TiO2 rods and TiO2-Ni-BCNT composite. Figure 6.2(a) illustrates the 

TGA curve of NiEGTi precursors. There are three steps in the whole process. The first step 

includes a ~ 4.5 % weight loss which is related to the desorption of water on the surface and 

gel melting at the temperatures between 20 ℃ to 170 ℃ [170]. Step II from 170 ℃ to 262 ℃ 

and step III from 263 ℃ to 450 ℃ contain the mass reducing around ~ 63.2%, which could be 

assigned to the combustion of ethylene glycol units and metal complexes in NiEGTi precursors 

[168]. No obvious weight loss is observed after 450 ℃, indicating that the minimum crystalline 

temperature is ca. 450 ℃. In fact, a greenish yellow product was obtained after calcination up 

to 450 ℃.  
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In Figure 6.2(b), the decomposition process of mixer precursors was recorded from 20 ℃ 

to 800 ℃, indicating a two-step reaction, 20 ℃ to 170 ℃, and 520 ℃ to 664 ℃, respectively. 

The first weight loss (~5.0%) up to 170 ℃ could be attributed to the adsorbed water, and the 

second reaction (~59.1%) is the typical thermal decomposition of g-C3N4 to graphitized carbon 

[171]. 

 

Figure 6. 2 TGA curves of (a) NiEGTi precursors and (b) the mixture of NiO/TiO2 rods and 

g-C3N4 composites. 

 

XRD patterns of the synthesized composites are shown in Figure 6.3. As for NiO/TiO2, 

the diffraction peaks are located at 37º, 43º, 63º, 75º and 79º, corresponding to (111), (200), 

(220), (311) and (222) planes, respectively. It could be indexed to the cubic NiO with FCC 

crystalline structure (JCPDS 73-1523) [172]. Other peaks at 25º, 48º, and 54º are characteristic 

peaks of anatase TiO2 (101), (200), and (105) planes (JCPDS 71-1169) [173]. No impurity 

peaks were observed, indicating that the final material was a combination of TiO2 and NiO 

with high purity.  

The XRD pattern of g-C3N4 shows two strong peaks at 12.84º and 27.47º, which come 

from the partially oxidized in-plane structure and interlayer periodic stacking tris-triazine, 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/physics-and-astronomy/crystal-lattice
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respectively [174]. As for the XRD pattern of TiO2-Ni-BCNT, the peaks match well with 

anatase TiO2 (JCPDS 18-2485), rutile TiO2 (JCPDS 18-2485) and metallic Ni phase (JCPDS 

89-7128). Both NiO and g-C3N4 disappear after the pyrolysis process. In addition, a broad peak 

at 26º could be assigned to the graphitic carbon [164], which is indistinguishable due to the 

overlap with anatase TiO2 and rutile TiO2. These results indicate (1) the transformation of 

NiO/TiO2 and g-C3N4 into TiO2-graphitized carbon-Ni composites, (2) the reduction of NiO to 

the metallic Ni nanoparticles, and (3) the achieving of higher degree of graphitization. This 

transformation exhibits better conductivity and catalytic performance than oxide phase. 

 

Figure 6. 3 XRD patterns of NiO/TiO2 rods (bottom), g-C3N4 (middle) and TiO2-Ni-BCNT 

(top). 

The microstructure of as-prepared samples was studied by SEM analysis. Figure 6.4 (a-c) 

shows that the NiEGTi precursors display rods-like structure with the lengths of ca. 1.4 µm 

and a diameter of ca. 600 nm. The surface of NiEGTi rods is rough. After heat-treatment at 

450 ℃ for 3 h in air, the NiO/TiO2 rods (Figure 6.4 d-f) were obtained. Carbon matrix was 

6.3.2 Microstructure characterization 



93 

 

removed due to the heat-treatment in air, and the products are rods-like with length and 

diameter of ca. 1.0 µm and 450 nm, which are smaller than that of NiEGTi precursors. The 

surface of NiO/TiO2 rods is much smoother than NiEGTi precursors. Interestingly, with the 

addition of g-C3N4 and following pyrolysis under N2 at 700 ℃, BCNTs were found on the 

surface (Figures 6.4 g-i), indicating the different calcination atmospheres generated different 

structures. The EDS results of NiO/TiO2 (Figure 6.5a) of the surface layer confirm the 

existence of Ni, Ti, and O. As for TiO2/Ni-BCNT (Figure 6.5b). Ni, Ti, O, C and N are also 

detected, which are the products from the pyrolysis of g-C3N4. 

 

Figure 6. 4 SEM images: (a-c) NiEGTi, (d-f) NiO/TiO2 rod, and (g-i) TiO2-Ni-BCNT. 
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Figure 6. 5 EDS analysis: (a) NiO/TiO2 rods, and (b) TiO2-Ni-BCNT-700 composites. 

To further understand the microstructure of the samples, TEM micrographs are presented 

in Figure 6.6. Both NiEGTi precursors (Figures 6.6a, b) and NiO/TiO2 (Figure 6.6c, d) exhibit 

rods-like structure, consistent with the SEM results. The bulk g-C3N4 shows nanosheet 

structure with multiple scales which are similar to previous report [164], as given by Figure 6.6 

(e, f). When the mixture of NiO/TiO2 and g-C3N4 was heated at 700 ℃ under the N2 

atmosphere., NiO was reduced to Ni particles during the pyrolysis process, which were 

wrapped into the carbon walls to form bamboo-like CNT.  

Figure 6.6 (g, h) displays the formation of bamboo-like CNT. However, without the 

addition of g-C3N4, NiO/TiO2, rods were not changed shape and no BCNT was found (Figure 

6.7a, b), corresponding to the critical role of calcination temperature in controlling the 

morphology of the samples. Previous reports [25, 175] indicated that Co, Fe and Ni salt can 

catalyze carbon precursors growing into CNTs. In this work, NiO/TiO2 was first found to 

catalyze g-C3N4 into bamboo-like CNTs, which was believed to have NiO acting as the active 

catalyst. When the reduction temperature is 600 ℃ (Figure 6.7c), no bamboo-like CNT was 

found. Above 800 ℃ (Figure 6.7d), the rods structures cracked, and some CNT can be observed. 
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Figure 6. 6 TEM images: (a, b) NiEGTi, (c, d) NiO/TiO2 rods, (e, f) bulk g-C3N4, and (g, h) 

TiO2/Ni-BCNT. 



96 

 

 

Figure 6. 7 TEM images: (a, b) TiO2/Ni/C-700, (c) TiO2/Ni-BCNT-600, and (d) TiO2/Ni-

BCNT-800. 

 

Figure 6.8(a) displays the XPS spectrum of surface materials’ electronic state and chemical 

composition of bamboo-like TiO2/Ni-CNT, showing the elements of C, N, O, Ni and Ti. In 

Figure 6.8(b), C1s spectrum can be deconvoluted into three peaks of 284.5, 285.3 and 288.4 

eV, could be attributed to C-C, C=N and O-C or C-N, respectively [176]. Two main binding 

energy peaks of O 1s (Figure 6.8c) were observed at 530.3 and 531.5 eV, should come from 

lattice O2- in TiO2 and adsorbed water on the surface of TiO2 [177]. The region of XPS N1s 

(Figure 6.8d) binding energy is located at 398.7, 400.6 and 403.9 eV. The peak located at 398.7 

is to the C-N bond, whereas the peak at 400.6 corresponds to C=N [178]. The Ni 2p XPS 
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spectrum exhibits two binding energy peaks at 855.1 and 872.3 eV, corresponding to Ni 2p3/2 

and Ni 2p1/2 [149]. The relative satellite peaks suggest the presence of metallic Ni. Figure 8(f) 

displays the two peaks at 459.1 and 464.8 eV, indicating Ti 2p3/2 and Ti 2p1/2 [179]. 

 

Figure 6. 8 (a) XPS spectra of TiO2/Ni-BCNT composites, (b) C 1s, (c) N 1s, (d) O 1s, (e) Ni 

2p, and (Ti) 2p. 
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To evaluate catalytic performances of TiO2/Ni-BCNT composites, CV tests of methanol 

oxidation were studied in 1.0 M KOH solution with and without 1.0 M CH3OH solution (Figure 

6.9a). Without methanol, the catalyst displays the Ni (II)/Ni (III) redox couple between 0.3 V 

to 0.5 V. The electrocatalytic activity of Ni-based catalysts depends mainly on the 

transformation of Ni(OH)2 to NiOOH. The high valance NiOOH is considered as the active 

sites.  After adding methanol, the redox couple disappeared and the oxidation of methanol takes 

place at the onset potential of 0.347 V, which is lower than several Ni-based catalysts. This 

means that the methanol oxidation has occurred after the oxidation of Ni (II) to Ni (III). The 

catalytic ability is 72.67 mA cm-1 at -0.6 V, which is 12.8 times higher than that of NiO/TiO2 

rods (5.67 mA cm-1 in Figure 6.9b). The enhanced catalytic performance could be due to the 

high dispersion of Ni particles and improved conductivity from oxides to BCNT-based 

materials. 

 

Figure 6. 9 CVs of composites in 1.0 M KOH with and without 1.0 M CH3OH solution at a 

scan rate of 50 mV s -1: (a) TiO2/Ni-BCNT, and (b) NiO/TiO2 rods.  

 

6.3.3 Electrochemical performance analysis of TiO2-Ni-BCNT composites 
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Figure 6.10 (a, c) shows the CVs of NiO/TiO2 rods and TiO2/Ni-BCNT electrodes in 1.0 

M KOH at different scan rates from 10 to 60 mVs-1. Both catalysts exhibited the obvious pair 

of redox peaks between 300 to 500 mV, which are assigned to the Ni (II)/Ni (III) redox group. 

Both anodic and cathodic current densities increased linearly with square root of the scan rate, 

indicating a diffusion-controlled process and consistent with previous reports [180]. According 

to the linear regression equations, the peak specific activity was proportional to the slope of the 

line. The larger the slope was, the lager specific activity. As we can see in Figure 6.10(b, d), 

the slope of TiO2/Ni-BCNT (0.89) is much bigger than that of NiO/TiO2 (0.099), which means 

that TiO2/Ni-BCNT owns much better electrocatalytic activity and faster MOR kinetics than 

NiO/TiO2 rod. 

 

Figure 6. 10 CVs of MOR at different scan rates, and corresponding plots of forward peaks 

and backward peaks vs. square root of scan rates in 1.0 M KOH and 1.0 M CH3OH solution: 

TiO2/Ni-BCNT (a, b) composites and NiO/TiO2 rods (c, d).  
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The stability of catalysts for MOR was also investigated by accelerated durability tests in 

the same condition. Figure 6.11(a, b) shows the different changes of TiO2/Ni/BCNT and 

NiO/TiO2 after relevant cycles. The methanol electro-catalytic activity of TiO2/Ni-BCNT was 

much higher than that of NiO/TiO2 before and after 200 cycles. After 200 cycles, the retention 

of TiO2/Ni-BCNT and NiO/TiO2 was 59.6 and 19.6, respectively (Figure 6.11c), showing that 

TiO2/Ni-BCNT has better electrocatalytic activity and stability. Meanwhile, the loss of 

catalytic performance could be due to the appearance of intermediates adsorbed on the surface 

which would deteriorate the active sites or the structure change. the Figure 6.11(d) shows the 

long-term electrochemical stability of NiO/TiO2 rods and TiO2/Ni-BCNT composite tested in 

1.0 M KOH and 1.0 M CH3OH solution at -0.60 V for 3600 s. In comparison with NiO/TiO2 

rods, the current density observed for TiO2/Ni-BCNT is much higher than that of NiO/TiO2 

during the period. Even after 3600 s, the current density is still quite high (ca. 30 mA cm-1). 

These results are consistent with the accelerated tests results. The improvement of electro-

catalytic activity and stability can be attributed to the specific structure with lager surface area 

and dispersion of Ni nanoparticles. 
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Figure 6. 11 Continuous CV scanning of TiO2/Ni-BCNT composite (a) and NiO/TiO2 rods (b) 

in 1.0 M KOH and 1.0 M CH3OH solution, (c) the accelerated durability tests of TiO2/Ni-

BCNT composites (red) and NiO/TiO2 rods (black), and (d) amperometric curves of TiO2/Ni-

BCNT composites (red) and NiO/TiO2 rods (black) in 1.0 M KOH and 1.0 M CH3OH solution 

at -0.6 V for 3600 s.  

6.4 Conclusions 

TiO2/Ni-BCNT composite was synthesized by pyrolyzing mixture of NiO/TiO2 and g-

C3N4. The as-prepared non-precious catalyst shows superior catalytic performance and stability 

than that of NiO/TiO2 rods. The improved performance is attributed to the enhanced 

conductivity which is governed by highly dispersive Ni nanoparticles and large surface area of 

the composite. This work provides an alternative route for designing and developing high-

performance and non-precious catalysts for methanol oxidation reactions. 
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7.1 Conclusion  

Direct methanol fuel cells (DMFCs), as a promising power resource, with high specific 

energy, high energy conversion efficiency and cleanliness, have been widely studied. While 

the Pt based catalysts for methanol oxidation are the most widely used in DMFCs, the high 

cost, instability of Pt particles and the corrosion of carbon materials during long-term operation 

still limit its application. Thus, developing high-performance and durable catalysts is the major 

challenge for DMFCs. 

TiO2 is one of the most promising catalyst supports for methanol oxidation. The main 

advantages include (1) the strong interaction between metal and TiO2, (2) the chemical stability 

in acid and alkaline solution, (3) the strong CO poisoning resistance, (4) the different 

morphologies prepared by industrial technology, which can provide large surface area for 

industrial applications, and (5) the potential for photo-assisted DMFCs. Furthermore, the 

abundance, low-cost, and nontoxicity made TiO2 even more attractive. 

Although TiO2 has many credits as catalyst support, the poor conductivity is still depressing. 

The combination of metal particles, carbon materials and TiO2 has been considered as the 

promising strategies for the development of anode catalysts for DMFCs. However, most 

preparation methods are complexed, time-consuming and even include hazardous materials. 

Thus, exploring low-Pt or non-noble metal TiO2-based anode catalysts with excellent 

electrocatalytic activity and durability using simple, green methods are a urgent task and vital 

for the application of DMFCs. 

This thesis aimed to develop new-style TiO2-C based composites by using different 

methods such as template-directed method, sol-gel method, pyrolysis, etc to TiO2/C based 

methanol oxidation catalyst with different morphologies. The main conclusions are drawn as 

follows: 
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(1) Double-shelled C/TiO2 hollow spheres are synthesized via template-directed method. 

We used SiO2 as a hard template, followed by wrapping TiO2 and doping carbon layer, 

carbonizing under an inert atmosphere, finally removing the template. The unique structure 

was used as catalyst supports for the homogeneous distribution of Pt NPs. The Pt/DSCT hollow 

spheres exhibited higher catalytic performance, improved anti-poisoning ability and better 

electrocatalytic stability for MOR than that of the commercial Pt/C. These enhanced stabilities 

can be explained by the unique hollow structure which owns large surface area, uniform 

dispersion of ultrafine Pt NPs, and the strong SMSI between Pt and DSCT hollow spheres. This 

work may pave a new path for the development of new-styled TiO2/C catalyst support for 

application in DMFCs. 

(2) A “one-pot” approach was designed and conducted to prepare TiO2/C/Ni composite by 

spontaneously reducing the NiEGTi polymer under reductive atmospheres. After optimizing 

the temperature, we found that the phases and sizes of TiO2 and Ni particles can be obtained 

by controlling calcination conditions. TEM and HRTEM images further confirmed the high 

dispersion of TiO2 and Ni nanoparticles into the carbon matrix. These rice-shaped TiO2/C/Ni-

500 composites perform the best electrocatalytic activity with a low onset potential and good 

stability for the methanol oxidation reaction in alkaline solution. As a non-precious metal 

catalyst, this new-style, non-precious catalysts could reduce the high cost of Pt containing 

catalysts and open a new path for the development of a large scale and low-cost methanol 

oxidation catalysts. 

(3) Due to the importance of controllable composition, architecture and morphology have 

been regarded as a key point for realizing high-performance, TiO2/Ni-bamboo-like carbon 

nanotubes composites were synthesized by pyrolyzing the mixture of NiO/TiO2 and g-C3N4. 

Experimental results indicated that both the composition and thermal decomposition 

temperature is important to the formation of this unique BCNT structure. With the improved 
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surface area and enhanced conductivity, this TiO2/Ni-BCNT displayed superior catalytic 

performance and stability than that of NiO/TiO2 rods. 

7.2 Suggestions for future work 

Based on the present study, TiO2-C based materials doped with Pt or Ni metal particles 

show great potential as anode catalysts. There is still plenty of room to investigate the 

possibilities of TiO2/C-based catalysts. First, the catalytic mechanism could be further studied 

and better understood. Secondly, although the present catalytic performance and stability are 

much better than that of commercial Pt/C. It is still possible to further improve their 

performance and reduce the cost via using other Pt nanostructures such as nanosheet, nanowires 

or alloying Pt with other metals e.g. Ni or Ru. Lastly, novel structured hybrid catalyst supports 

with high surface area and conductivity will benefit the dispersion and stability of 

electrocatalysts. The combination of different morphologies of TiO2 and other carbon supports 

such as carbon nanotubes, carbon nanofiber and graphene oxides are also the promising choices 

for enhancing the catalytic activity. Other non-metal doping like N and S could also be 

considered to improve electron transfer among catalysts surface. 

TiO2, as a well-known photo-catalyst, can provide photogenerated electrons and holes 

under light illumination. The photogenerated electrons can transfer from semiconductor to 

metal catalysts, which can further improve the adsorption of OH- to promote the oxidation of 

COad. Meanwhile, the photogenerated holes could react with water to form more OH radicals, 

which have strong oxidation ability that can directly oxidize methanol to CO2 and H2O. 

Understand the mechanism of combined electro-catalytic and photocatalytic processes is very 

important for the methanol oxidation process. TiO2 as a great photo response semiconductor 

provides great potentials for the development of photo assisted DMFCs. Doping with C and 

metals can further improve its conductivity, absorbance of visible light, reduce rapid charge 
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recombination, and slow down charge transfer. The future work could test their photo assisted 

MOR performance, explore the potential mechanism, and develop photo assisted 

electrocatalytic methanol fuel cells. 

The current synthesis process was carried out in a small scale and took relatively long time.  

Further research should also be conducted to enlarge the processing scale and shorten the 

operation time if we would like to develop real applications of these novel catalysts.    
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