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ABSTRACT 

Fossil fuels are the main source of energy for modern society to this decade. The awareness of 

scarcity of fossil fuels and the environmental degradation accompanying their use has 

motivated researchers to conduct extensive research in other forms of energy for mitigation. 

Hydrogen has the potential to replace the traditional fuels for transportation application and 

other uses. Comparatively, hydrogen has higher energy (143 MJ/kg) than the conventional 

fossil fuels (natural gas: 53.6 MJ/kg, petrol: 46.4 MJ/kg, diesel: 45.4 MJ/kg) moreover, its 

environmental friendly as it produces water as the only by-product of its combustion. In spite 

of its superiority, public acceptance of hydrogen based technologies are still undermined. 

Following the main finding of water-based photoelectrolysis in 1972, scientists, engineers and 

environmental activists have intensified research on the production of hydrogen via 

photocatalytic water splitting adopting different modifications of semiconducting materials 

such as titanium dioxide, TiO2, cadmium sulphide, graphitic carbon nitride and using sunlight 

to fragment water molecules to produce hydrogen gas. Titanium is one of the most attractive 

d-block transition metals in use as water splitting photocatalyst. It is preferred because of its 

low density, high strength, corrosion resistance, availability and cost effectiveness. However, 

efficient water splitting using visible light and TO2 has been a challenge. TO2 has a setback of 

wide bandgap, 3.0 – 3.2 eV, which lowers its prospective for visible light absorption. This study 

outlines the development and the testing of efficient catalytic materials for the thermo-

photocatalytic production of hydrogen from water. Methanol-water mixture was also tested 

under mild conditions. TiO2 composited with carbon nanofibers, CNFs at different loadings (0, 

10 and 20%) and co-catalysts platinum (Pt), gold (Au), iridium (Ir), zinc (Zn) and copper (Cu) 

were synthesized and used in the photocatalytic water splitting and appreciable quantities of 

hydrogen were obtained. Additionally, 10% methanol was also used as sacrificial reagent with 
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water and tested for hydrogen evolution but the results were not significantly different when 

compared to the results obtained from the use of photocatalysts without methanol addition. The 

photocatalysts were tested for hydrogen production using water, and the most active 

photocatalyst, F_CNFs/20% _TiO2/6%Pt exhibited an activity of 0.45 mol g-1 h-1. This was 

followed by F_CNFs/10% _TiO2/5%Au and F_CNFs/20% _TiO2/1%Ir with activities of 0.28 

mol g-1 h-1, and 0.21 mol g-1 h-1 respectively. In another section of this study, the focus was on 

the fabrication of nanomaterials for advanced photocatalytic water splitting as a result, 

structures of TiO2/CNFs, Cu/TiO2/CNFs, and Zn/ TiO2/CNFs nanocomposites of mesoporous 

nature were synthesized using CNFs and surfactant wrapping sol-gel/hydrothermal method. 

Impregnation technique was used in copper and zinc loading while characterization of the 

synthesized catalysts was achieved by XRD, Raman, FESEM, TEM, UV/DRS, BET, FTIR, 

XPS, and PL techniques. Water splitting was performed by UV light irradiation and the effect 

of compositing TiO2/CNFs-Cu/Zn evaluated. 10%_TiO2/CNFs/5%Zn composite was the most 

efficient photocatalyst for hydrogen production when compared with the rest of the samples. 

The most efficient photocatalyst, 10%_TiO2/CNFs/5%Zn, produced 0.53 mol (h g cat.)-1 of H2 

which was 90-100 folds the amount generated over commercial TiO2 - P25, and pure 

TiO2 photocatalysts. The improved photo-activity of the TiO2/CNFs, Pt/TiO2/CNFs, 

Au/TiO2/CNFs, Ir/TiO2/CNFs, Cu/TiO2/CNFs, and Zn/ TiO2/CNFs composites were due to the 

synergistic effect between Pt, Au, Ir, Cu, Zn, and CNFs, greater BET surface area, suitable band 

structure and reduced recombination rate of the photo-generated charge carriers. This work 

gives promising route for fabricating TiO2/CNFs/metal (Pt, Au, Ir, Cu, and Zn) composites for 

advanced H2 production using UV- radiation.   
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CHAPTER ONE   

Introduction 

1.1 Background 

The use of fossil fuels is a serious problem to the world. The fossil fuel consumption increases 

the atmospheric greenhouse gases, which leads to global warming and the melting of glaciers. 

Availability of fossil fuels is also a concern, and their continuous consumption will lead to their 

fast depletion. The environmental and availability aspects of the fossil fuels are a serious threat 

to the developing world. The use of hydro power, nuclear power, and wind, solar and tidal 

power are increasing and progressively replacing the use of fossil fuels such as coal for 

stationary power generation. But for transportation or mobile applications, there is a demand 

for an energy source which can replace the fossil fuels. Hydrogen has the potential to replace 

the traditional fuels for transportation application and other uses. Comparatively, hydrogen has 

higher energy than the conventional fossil fuels and produces water as the only by-product of 

its combustion. In spite of its superiority as regards energy content and zero green-house gas 

emissions to the atmosphere, public acceptance of hydrogen based technologies are still 

undermined. Subsequent to the principal discovery of water-based photoelectrolysis in 1972, 

scientists, engineers and environmental activists have intensified research on the production of 

hydrogen through photocatalytic water splitting adopting different modifications of 

semiconducting materials such as titanium dioxide, TiO2, cadmium sulphide, graphitic carbon 

nitride and using sunlight to fragment water molecules to produce hydrogen gas [1]–[6]. Taking 

into account the fact that hydrogen is basically a zero-emission green-house gas, a lot of 

research work has been based on splitting water, aided by various photocatalysts, including the 

addition of sacrificial agents (electron donors or electron-acceptors) into the processing system 

[6]. Despite the fact that a catalyst can facilitate reactions with the help of sacrificial agents, 

this may not be adequate for the absolute separation of water. However, in reactions where 
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sacrificial agents are involved in the development of hydrogen reactions primarily aim to boost 

the hydrogen and oxygen yields under such environments. The efficiency is dependent on the 

catalyst together with the sacrificial agent used [5]. In this study, a section has discussed the 

production of hydrogen from water using heterogeneous catalysts. The use of 

methanol/formaldehyde (sacrificial reagents) under mild conditions has also been discussed.  

  

1.2 Problem statement 

Indiscriminate use of fossil fuels (coal and petroleum oil) is a major problem for the world. It 

increases the atmospheric greenhouse gases, which eventually lead to global warming and 

melting of glaciers [7]–[10]. Availability of these fossil fuels is also a concern, and their 

continuous consumption will lead to their fast depletion [7], [8], [11]–[13]. Both these issues 

are serious, and a threat to the development of the modern society. Share of hydro power, 

nuclear power, wind, solar and tidal power are increasing and progressively replacing the use 

of fossil fuels such as coal for stationary power generation. But for transportation or mobile 

applications, there is a demand for an energy source which can replace the fossil fuels such as 

petrol, diesel. Hydrogen has the potential to replace the traditional fuels for transportation 

application. Hydrogen has higher specific energy (143 MJ/kg) in comparison to conventional 

fossil fuels (natural gas: 53.6 MJ/kg, petrol: 46.4 MJ/kg, diesel: 45.4 MJ/kg), hydrogen is very 

good and produces water as the only by-product of its combustion [14]–[19]. In spite of its 

superiority in regard to energy content and zero greenhouse gas emissions to the atmosphere, 

public acceptance of hydrogen based technologies are still undermined. Secondly, finding a 

way to store large quantity of hydrogen in a portable volume is also a challenge. Even if the 

storage issue is solved, distribution of hydrogen requires a massive new infrastructure similar 

to petroleum products to the millions of potential users [20]–[22]. Furthermore, hydrogen is 

still produced by technologies which require severe process conditions [23]–[29]. Therefore, 
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hydrogen needs to be generated in a non-flammable liquid, which is safer for transportation 

and other uses. Besides, systems need to be developed that can use hydrogen directly as it’s 

produced to reduce production and storage costs. 

 

1.3 Justification 

To successfully address the problem of fossil fuels depletion and environmental pollution 

arising from their combustion, the world needs a new form of energy that is renewable, 

cheap, clean, and safe. Furthermore, hydrogen is a potential substitute to fossil fuels and 

nuclear energy. Hydrogen production from water with methanol (low concentration), also 

known as water splitting is conceivably a better route for obtaining a renewable energy 

compared to conventional technologies such as photovoltaic (PV). Photocatalytic dissociation 

of water using semiconductors and solar energy was discovered in 1972 and since has 

become an interesting field to researchers, and photocatalytic materials in the form of metal 

(oxy) sulphides, metal, non-metal nitrides, metal oxides, metal sulphides, and metal (oxy) 

nitrides having a cation with d0 or d10 have been studied for this type of work [30], [31].  In 

photocatalytic water splitting, the photocatalysts used can potentially use inexhaustible solar 

energy, sacrificial agents, methanol/formaldehyde, and mild conditions, and still operate at 

low temperatures without additional power sources such as coal and electricity to produce 

hydrogen. Water splitting is divided into three: (1) thermochemical (2) photobiological and 

(3) photocatalytic [32]–[38].  

Studies have been carried out on hydrogen production from systems consisting of 

semiconductor particles suspended in aqueous solutions and dissolved organic compounds. The 

compounds are generally known as sacrificial reagents/agents. For instance, in a Pt/TiO2- 

water- methanol system, methanol is oxidized by means of the photo-generated valence band 

(VB) holes on the metal-decorated photocatalyst hence allowing the reduction of water to 
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hydrogen by photogenerated electrons in the conduction band (CB) [39]–[44]. The sacrificial 

reagents/agents then react irreversibly with the photogenerated holes and promote accordingly 

the electron/hole separation. This technique can be used in the photocatalytic production of 

hydrogen with simultaneous decomposition of pollutants (water treatment) or what is referred 

to as photo reforming [45].  

Hence, in photo reforming systems, the organic substance gets oxidized by the photogenerated 

hole at the photocatalyst surface while water will be reduced accepting the photogenerated CB 

electrons according to equation, (Eq.1) [45]. 

                            CxHyOz  + (2x−z)H2O → (2x + y/2 − z)H2 + xCO2                                      (1)   

 Methanol:          H2O + CH3OH → CO2 + 3H2,   ∆H0 = 49.3 kJ/mol                                   (2)                                                                         

Formaldehyde:   H2O + HCHO → CO2 + 2H2,   ∆H0 = −43.1 kJ/mol                                   (3)   

In this work, noble co-catalyst(s) iridium (Ir), platinum (Pt), gold (Au) nanoparticles (co-

catalysts) will be developed to help in proton reduction and water oxidation in the 

photocatalytic water splitting processes (overcome the overpotential necessary for hydrogen 

formation). Methanol/formaldehyde will be used as sacrificial agents under mild conditions, 

ambient temperature and normal pressure in the presence of a suitable catalyst as shown 

below [(Eqns (4)-(7)] [44], [46], [47]. Methanol, CH3OH will be oxidized to formaldehyde, 

HCHO, HCHO to formic acid, HCO2H, and HCO2H to carbon dioxide, CO2 and H2. 

Equations 5 – 7 are different steps involved in water splitting using sacrificial agents [1], [6], 

[48]–[50] and further discussions are ahead. 

  

 

   CH3OH 
   ℎ𝑣,   𝑐𝑎𝑡.
→       HCHO + H2                                                                                              (4) 
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 HCHO + H2O 
   ℎ𝑣,   𝑐𝑎𝑡.
→       HCO2H + H2                                                                                     (6)  

 

 HCO2H 
   ℎ𝑣,   𝑐𝑎𝑡.
→       CO2 + H2                                                                                                      (7)                                                                                                                       

 

Taking into account the fact that formaldehyde/para-formaldehyde and methanediol are 

products of methanol, H2 production experiments from formaldehyde/para-formaldehyde as 

starting materials were successfully conducted using ruthenium, Ru based catalyst by Heim et 

al. [51] and iridium, Ir based catalyst by Suenobu et al. [52]. These two are the only literature 

available on the production of hydrogen from water with formaldehyde/paraformaldehyde as 

sacrificial agent under mild conditions. Both the groups have successfully conducted one-pot 

dehydrogenation of formaldehyde in aqueous media where water acts as a hydrogen source as 

well [eqn (5)]. It has been suggested that dehydrogenation of methanediol occurs in a two-

step reaction, where methanediol is converted to formic acid with the evolution of hydrogen 

in the first step and then formic acid is converted into carbon dioxide and hydrogen in the 

second step [eqn (5)] [51]. It has been observed that this process yields two moles of 

hydrogen and one mole of carbon dioxide in pure form, equation 3. Moreover, production of 

hydrogen from water with formaldehyde/para-formaldehyde as sacrificial agent is found to be 

more advantageous as the oxygen formed during water splitting reaction is tapped in the form 

(5) 
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of carbon dioxide which is not possible to happen in the case of homogeneous water splitting 

experiments where hydrogen and oxygen exists in the same mixture, explosion limits for 

H2/O2 are dependent on initial pressures and temperatures and therefore, they vary according 

to pressure and temperature [53]. Hence, the oxygen is not available for oxidation and thus 

formation of explosive mixture of hydrogen and oxygen is avoided. Using this noble method, 

hydrogen is generated in a non-flammable liquid, which is safer for mobile applications. 

Moreover, hydrogen and carbon dioxide are easier to handle and to separate than an oxygen-

hydrogen mixture and can be used directly in various systems such as hydrogenation 

reactions, IC engine, fuel cell among others [20], [44], [47], [54]. 

Although the production of H2 was successfully achieved from aqueous formaldehyde/para-

formaldehyde using Ru and Ir based homogeneous organometallic catalysts, it would be ideal 

if the catalysts will be replaced by heterogeneous and/or cheap catalytic materials. Secondly, 

the use of base in the reaction for the formation of methanediol from formaldehyde/ 

paraformaldehyde needs to be minimized/ stopped (It has been suggested that dehydrogenation 

of methanediol occurs in a two-step reaction, where methanediol is converted to formic acid 

with the evolution of hydrogen in the first step and then formic acid is converted into carbon 

dioxide and hydrogen in the second step [eqn (5)] [51]). This is possible if the catalyst is 

capable of activating formaldehyde and water molecules to form methanediol. This will 

definitely enhance the hydrogen yield efficiency and hence its practicability as shown by eqn 

(5), eqn (6) and eqn (7). Heterogeneous catalysts can offer engineers opportunity to design a 

system where fuel (aqueous solution aldehyde/ methanol) can be passed directly to the 

heterogeneous catalyst bed to produce hydrogen to be used on site [20], [44], [47], [52], [54].  

Dehydrogenation of hydrocarbons is an industrially important reaction which follows oxidative 

(leading to formation of water) and non-oxidative (leading to formation of molecular hydrogen) 

pathways. Oxidative dehydration of alkanes (such as ethane, a by-product of petroleum 
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processing and present in natural gas) to olefins (such as ethylene, butene, and butadiene) is in 

great demand from chemical industry. Vanadium pentoxide or supported (SiO2, A12O3, etc.) 

vanadium based catalysts are capable of dehydrogenation, but the hydrogen is eliminated in 

the form of water which is a net loss of energy [55], [56]. Various other metals such as Pt, Pd, 

Ni, Fe, Mo etc. are used as active catalysts for dehydrogenation of hydrocarbons (such as ethane 

and propane) with evolution of molecular hydrogen but the temperature requirement is high 

(>400 °C) and it suffers from carbon deposition[31]. Metal sulphides (Mo, Mn, Cu, Ni, Fe, Co) 

supported on silica (SiO2) were also reported to be active for the dehydrogenation of isobutane 

to isobutene and found to be better than Al2O3 supported Pt and Cr based commercial catalysts 

[57]. 

Very recently, Lin et.al. [58] has reported base free production of hydrogen over atomically 

dispersed platinum (Pt) on α-molybdenum carbide (α-MoC) at 150-190 °C through aqueous-

phase reforming of methanol (APRM). In this, α-MoC induces water dissociation and Pt in 

combination with α-MoC activate methanol to reform it to produce hydrogen. In another study, 

Yu et. al. [59] has reported the production of hydrogen and carbon dioxide over CuZnGaOx by 

steam reforming of methanol at 150-200 °C with no detectable CO (below detection limit of 1 

ppm). 

  

Although CuZnGaOx by steam reforming of methanol is able to produce hydrogen at 

temperature 150-200 °C but production of CO cannot be denied at this temperature range. From 

thermodynamic study carried out using CuZnGaOx by steam reforming of methanol, it is found 

that CO formation is zero at 100 °C. Rh and Ir show promising results towards the formation 

of hydrogen at 90-110 °C but it requires base and catalytic system is homogeneous. 

Observation of Lin et.al. [58] has also showed promising results for water dissociation using 
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α-MoC. Considering all the facts, a catalytic system can be developed which can produce 

hydrogen without the formation of CO. 

 

Designing heterogeneous catalysts for the production of hydrogen from water with 

alcohol/aldehyde is complicated as the non-oxidative dehydrogenation involves several steps 

as discussed in the above sections. It is highly challenging to overcome these difficulties 

(Designing heterogeneous catalysts for the production of hydrogen from water with 

alcohol/aldehyde is complicated as the non-oxidative dehydrogenation involves several steps 

as discussed in the above sections) but at the same time highly desirable to produce molecular 

hydrogen under mild reaction conditions. In the recent past, it has been shown that in-situ 

studies can be successfully used for unravelling the mechanism of catalytic processes as well 

for designing tailor made catalysts. This important information from the in-situ studies can be 

the key and helpful for designing the final catalyst for the hydrogen generation. 

The aim of the study is to develop efficient catalytic materials for the thermo-photocatalytic 

production of hydrogen from water with methanol and its oxidation products (formaldehyde/ 

formic acid) in aqueous medium under mild conditions. 

 

 1.4 Aim and objectives 

1.4.1 Aim 

The aim of this project was to develop efficient catalytic materials for the thermo-

photocatalytic reaction for the production of hydrogen from water with methanol and its 

oxidation products (formaldehyde/ formic acid) in aqueous medium under mild conditions 

and recommend further study on related work. 
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1.4.2 Objectives  

The objectives of the study were divided as follows: 

1. Development of supported Pt, Ir, Au, Cu, Zn, and their bimetallic combination 

catalysts for the production of hydrogen from water with methanol/formaldehyde at 

low concentrations as sacrificial agent(s). 

 

2. Synthesis of carbon nanofibers, CNFs, titanium dioxide, TiO2 and TiO2/CNFs 

composites for thermo-photocatalytic hydrogen production from water with 

methanol/formaldehyde at low concentrations as sacrificial agents. 

 

3. Preparation of carbon nanomaterials and titania-carbon nanomaterials as composite 

support materials for Pt, Au, Ir, Cu and Zn catalysts. 

 

4. Fundamental understanding of the production of hydrogen from water using             

methanol/formaldehyde as a sacrificial agent(s) through various physical-chemical 

techniques such as FT-IR, SEM, TEM, Raman spectroscopy, UV-Vis, PL, BET, XPS, 

etc. which will provide critical information on reactant/product surface interaction.  

 

1.5 Outline of the thesis  

The outline of this thesis will be organized as follows: 

 

Chapter 2: This chapter gives a literature review of related work. There is an abstract 

summarizing the work covered, where fossil fuels are still considered as the major form of 

energy to this decade. Further the scarcity of fossil fuels and the environmental impact of 

their use are discussed under the introduction. The production of hydrogen using sacrificial 



 

 

10 

 

agents (half-reactions using sacrificial electron donors and acceptors), basic principles of 

water splitting on a semiconductor particle, development history of water splitting, titanium 

dioxide (TiO
2
) as a photocatalyst and photocatalytic materials for hydrogen production are 

also discussed. 

  

Chapter 3: The chapter explains a facile synthesis method used in the preparation of copper 

oxide nanoparticles. It also gives the details of the experimental work and characterization 

techniques used in achieving the copper oxide nanoparticles and the catalytic use of the 

prepared coper oxide nanoparticles to synthesize high quality carbon nanofibers, CNFs using 

catalytic chemical vapour deposition method, CCVD. In addition, the synthesis of high 

quality carbon nanofibers and their functionalization are discussed step by step before 

characterizing them. The work was carried out under; preparation of copper oxide 

nanoparticles, preparation of carbon nanofibers, acid treatment of carbon nanofibers, 

characterization of copper oxide nanoparticles, and carbon nanofibers 

 

Chapter 4: Gives comparison between TiO2 and TiO2 composited with CNFs used in 

photocatalytic water splitting. It further covers the use of sacrificial agent, methanol at low 

concentration together with the prepared composites of CNFs/TiO2. This chapter gives the 

steps used to achieve water splitting using the prepared photocatalysts. The discussion of the 

work was captured under introduction to the work, experimental and the characterization 

techniques employed in the work. The most active photocatalyst was identified as 

CNFs/20%TiO2. The introduction of TiO2 – P25 (commercial TiO2) was necessary to help 

with the discussion of the results. 
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Chapter 5: This chapter discusses the photocatalytic hydrogen production of TiO2/CNFs 

doped with Pt, Au and Ir nanoparticles. The methods of synthesizing the 

F_CNFs/20%TiO2/Pt, F_CNFs/20%TiO2/Au, and F_CNFs/20%TiO2/Ir nanostructures and 

the various characterization techniques used in their study are discussed. There is also the 

photocatalytic studies presentation and the conclusion. 

   

Chapter 6: The chapter is based on the hydrogen production via water splitting over   

 Zn/TiO2/CNFs and Cu/TiO2/CNFs nanocomposites. The chapter covers full synthesis 

methods used and the characterization techniques employed in the study. Further, the 

mechanism of the photocatalytic water splitting is also discussed. An evaluation of the most 

active photocatalyst was achieved before concluding the work. 

 

Chapter 7: This chapter summarizes the findings of this study and gives conclusions and 

recommendations for future work.  

 

References: The list of references used are presented at the end of each chapter. 
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CHAPTER TWO 

Photocatalytic water splitting for Hydrogen production – A review 

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, 

Johannesburg 2050, South Africa 

Abstract 

Fossil fuels are the major form of energy for modern society to this decade. Cognizance about 

fossil fuels scarcity and their related environmental destruction which has led to global 

warming through the emission of greenhouse gases has inspired researchers, particularly 

scientists and engineers to engage in intensive research in other forms of energy for 

mitigation. Photocatalysis in which inexhaustible, clean and safe solar energy can be 

harvested for sustainable, non-hazardous, and low-cost technologies, is a significant advance 

in obtaining clean energy. Photocatalytic water splitting for hydrogen production systems are 

alternative routes to clean and cost effective energy. The trapping of solar energy and the use 

of the abundant water on the earth’s surface to produce hydrogen fuel will lead reduce the 

fossil fuels scarcity and environmental pollution to manageable levels. The power from 

hydrogen production can be used in transportation and industries. This work covers the 

progress on Photocatalytic water splitting for hydrogen production and recommends the use 

of water splitting technologies via the development of inexpensive and non-toxic, recyclable, 

photostable and corrosion resistant photocatalysts as the way forward for future work. 

Keywords: Photoelectrolysis; sacrificial reagents; titanium dioxide; H2 production; 

semiconductor particle. 
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2.1 Introduction  

Photocatalytic hydrogen production using water and solar energy is a better route towards 

renewable energy as compared to other technologies such as photovoltaic (PV) systems. In 

photovoltaic technology, a PV cell, electrolyser and other components are needed to set up a 

working system while in photocatalytic hydrogen production, these expensive components 

are not required because systems can be developed that can use hydrogen directly as it’s 

produced to reduce production costs. Concerning process driving energy sources, the types of 

energy are mechanical, electrical, thermal, biological, or photonic. In general, hydrogen can 

be generated by water splitting reaction. Water-based photoelectrolysis using sunlight to 

fragment water molecules to produce hydrogen has gained a lot of attention because it’s 

environmentally friendly and there is also renewable supply of energy. The method is  

classified into three categories; (1) thermochemical water splitting, (2) photobiological water 

splitting, and (3) photocatalytic water splitting [1]–[4]. Thermochemical water splitting 

employs the harvesting of heat from sunlight by solar concentrators to split the water. Whilst 

photobiological and photocatalytic water splitting make use of bacteria either aerobically or 

anaerobically, and photocatalysts respectively, in the conversion of the light energy into 

chemical energy.  

According to the thermodynamics of this type of reactions, Bard and Nozik [2], [5]–[13] 

grouped in photocatalytic systems as those in which photon absorption promotes a reaction 

with ΔG < 0 (ΔG – change in Gibbs free energy), figure 1, therefore there is no net storage of 

chemical charge, however the radiant energy is needed by the system for the reaction to occur 

or else the reaction would be extremely slow without photocatalyst. Conversely, in the 

photosynthetic system, the radiant energy is required thus it provides the required Gibbs free 

energy with ΔG > 0 [1], [2], [9], [14], [15] as shown in figure 1. 
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Since the products of photosynthetic system have elevated free energy than the reagents, the 

reverse photosynthetic reaction is thermodynamically favoured. Thus, photosynthetic systems 

as well must be able to overcome this reverse photosynthetic reaction [2]. Consequently, the 

two systems can (1) absorb light-generating charge carriers, electrons and holes (active sites), 

and (2) deliver these charge carriers to the adsorbed chemical species at their surface to enhance 

redox reactions. Photocatalysts are the light absorbing materials, which in the heterogeneous 

systems are normally semiconductors [3], [13], [14], [16], [17].  

Extensive research has been carried out on hydrogen production from systems consisting of 

semiconductor particles suspended in aqueous solutions and dissolved organic compounds. The 

compounds are generally known as sacrificial reagents/agents. For instance, in a Pt/TiO2- 

water- methanol system, methanol is oxidized by means of the photo-generated valence band 

(VB) holes on the metal-decorated photocatalyst hence allowing the reduction of water to 

hydrogen by photogenerated electrons in the conduction band (CB). The sacrificial 

reagents/agents react irreversibly with the photogenerated holes and promote accordingly the 

electron/hole separation. This technique can be used in the photocatalytic production of 

hydrogen with simultaneous decomposition of pollutants (water treatment) or what is referred 

to as photo reforming [16], [18], [19], [28]–[37], [20], [38]–[47], [21]–[27].  
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Fig. 1.  Primary processes involved in photocatalysis and photosynthesis, an illustration of 

the absorption of light in order to trigger a thermodynamically more (photocatalysis) or less 

(photosynthesis) stable product as compared to the reagents [2]. 

 

On the other hand, radiative and non-radiative recombination of the excited charge carriers may 

occur at a shorter time scale thereby limiting the quantum efficiency. Furthermore, the 

photogenerated carriers could interact with the lattice and surface defects together with 

impurities substituting the lattice sites of a semiconductor photocatalyst [3], [14], [17], [48], 

[49]. 

2.2 Basic principles of water splitting on a semiconductor particle 

As shown in figure 2, the basic principles of overall water splitting on a semiconductor particle 

is primarily identical to a water splitting photo electrochemical cell (PEC). Upon irradiation 

with an energy equivalent to or greater than the band gap of the semiconductor photocatalyst, 

electrons in the valence band are excited into the conduction band, leaving holes in the valence 

band. These electrons and holes which are photogenerated cause reduction and oxidation 

reactions, respectively. To accomplish overall water splitting, the bottom of the conduction 

band must be more negative than the reduction potential of H+ to H2 (0V vs NHE at pH = 0), 

whilst the top of the valence band must be more positive than the oxidation potential of H2O to 
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O2 (1.23V vs NHE). Consequently, it would seem possible to employ the entire spectral range 

of visible light (400 ˂ λ ˂ 800 nm). Nonetheless, there is an activation barrier in the charge 

transfer process between the photocatalyst and water molecules, necessitating a photon energy 

greater than the band gap of the photocatalyst to promote the overall water splitting reaction at 

a suitable rate. Moreover. The backward reaction: i.e., water formation from H2 to O2, has to 

be strictly inhibited, and the photocatalyst must be stable in the reaction. Additionally, even 

though there are large number of materials that possess suitable band gap potentials, there are 

limited number that work as photocatalyst for overall water splitting [1], [9], [55]–[57], [14], 

[15], [17], [50]–[54]. As illustrated in figure 3, overall water splitting on a semiconductor 

photocatalyst takes place in 3 steps: (1) the photocatalyst absorbs photon energy greater than, 

the bandgap energy of the material and generates photo excited electron-hole pairs in the bulk 

(2) the photo excited carriers separate and migrate to the surface without recombination, and 

(3) the adsorbed species are reduced and oxidized by the photogenerated electrons and holes 

to produce H2 and O2, respectively. Research has shown that the first 2 steps are strongly 

dependent on the structural and electronic properties of the photocatalyst. In principle, high 

crystallinity promotes activity, since the density of defects, which act as recombining centres 

between photogenerated carriers, decrease with increasing crystallinity. Better photocatalytic 

activity can also be obtained by reducing the particle size of a photocatalyst to reduce the 

diffusion length for the photogenerated electron – hole pairs. Step 3, however, is promoted by 

a solid cocatalyst. The cocatalyst, is normally a noble metal (Pt, Rh) or transition metal oxide 

(e.g. NiOx, RuO2) which is loaded onto the photocatalyst surface as a dispersion of 

nanoparticles to produce active sites and reduce the activation energy for H2 gas evolution. 

Predominantly, cocatalysts are loaded for the promotion of H2 evolution because most 

photocatalysts are unable to activate hydrogen (in large quantities) on the surface. Hence, it is 
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important to design both the bulk and surface properties of the material correctly to obtain a 

high activity for a given photocatalytic reaction [14], [16], [49], [51], [52], [58]–[62]. 

 

 

Fig. 2.  Basic principle of overall water splitting on a semiconductor particle[9], [52].  
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Fig. 3. Processes involved in photocatalytic overall water splitting on a heterogeneous 

photocatalyst[52].  

Fundamentally, accelerated charge separation must be enhanced by fabricating hetero/homo-

junctions to maximize the photocatalytic efficiency [62]–[64]. The final step comprises the 

electrons, which migrate from the CB to the photocatalyst surface to take part in a reduction 

reaction and produce hydrogen, while the holes move from the VB to the surface of the 

catalyst to be involved in oxidation reaction forming oxygen. As a result of the high 

activation energy of water splitting, only a few of the photogenerated electron- hole pairs 

reaching the photocatalyst facet can be involved in the water splitting reaction in good time, 

hence surface recombination occurs thereby greatly reducing the photocatalytic overall water 

splitting efficiency [65]–[69]. The reduction and oxidation (redox) processes on the surface of 

the catalysts are shown as follows [62], [70]; 

Photo - reduction:  2H2O +2℮- → H2 + 2OH-                                                      (1) 

Photo - oxidation: 2H2O  → O2 + 4H+ + 4℮-                                                       (2) 

          Overall reaction:   H2O + 1.23eV (hѵ) → H2 + 1/2O2                                         (3) 
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To accelerate the surface redox response, numerous techniques of inserting cocatalysts on the 

photocatalysts have been established, including impregnation [71], photodeposition, and 

others [72]–[75]. Suitable cocatalysts composited with photocatalysts function as active sites 

and catalyse the process by enhancing charge separation, together with relocation caused by 

the heterojunction existing in the midst of semiconductor photocatalyst and the cocatalyst 

[64], [69], [76]–[79].  

2.3 Half-reactions using sacrificial electron donors and acceptors 

Whenever the photocatalytic reaction is conducted in the presence of an electron donor such as 

methanol, the photogenerated holes in the valence band irreversibly oxidize methanol instead 

of H2O, as a result facilitating water reduction by conduction band electrons if the bottom of 

the conduction band of the photocatalyst is located above the water reduction potential. In spite 

of this, it should be understood that the ability of a photocatalyst to both reduce and oxidize 

water separately does not make it automatically suitable or qualify to achieve overall water 

splitting without sacrificial reagents, figure 4 [9], [14], [87], [88], [62], [80]–[86]  

 

Fig. 4. H2 or O2 evolution reaction in the presence of sacrificial reagents—Half reactions of 

water splitting [62].  
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The environmental friendliness of hydrogen (a zero-emitter of greenhouse gases) has 

triggered a lot of interest in research related to its production through water splitting, 

accelerated by a diversity of photocatalysts and sacrificial reagents in the production 

processes. Admitting the role of the photocatalysts together with the use of electron/hole 

separators, sacrificial electron donors and acceptor, achieving absolute water splitting is still 

unfeasible [1], [4], [80], [89]–[91]. However, sacrificial reagents are used in the production of 

hydrogen in cases where there is need for enhancement of the yields (hydrogen and oxygen 

yields) under such states. The success of the use of sacrificial reagents relies on photocatalyst 

and the sacrificial reagent used [92], [93]. 

During photocatalysis, the charge carriers are abundantly produced as a result of the photon 

absorption as the irradiation is employed on the photocatalyst. The generated electron-hole 

pairs migrate to the reaction centers which are on the facet of the photocatalysts. On the 

photocatalyst surface, water molecules are reduced to H2 while oxidation occurs to form O2 

[6], [41], [82], [84], [85], [93]–[96]. Different opinions have emerged concerning the benefits 

derived from the use of sacrificial reagents. This, however has made TiO2-based catalysts 

when used together with sacrificial reagents an emerging area of interest to researchers as 

divided hypotheses have come up. Most research indicate that information gained in one 

research is not transferable to another. Hence, the type of sacrificial reagent to be used in 

water splitting together with photocatalysts such as TiO2 need to be investigated further. To 

this moment, there is no correlation between the photocatalyst ability to split water and the 

presence of sacrificial reagents [6], [41], [82], [84], [85], [93], [95]–[97]. 

2.4 Development history of water splitting photocatalysts 

Particulate photocatalytic systems, with particle sizes of a few micrometres to hundred 

nanometres for overall water splitting was first demonstrated in 1980 [98], [99]. TiO2 and 

SrTiO3 were developed for the splitting of water vapour [98], [100]. It was noted that 
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suppressing the reverse reaction (water formation from H2 and O2) on the loaded cocatalyst is 

a prerequisite, and that adsorbed water molecules are essential for the evolution of H2 and O2. 

For instance, Pt-loaded TiO2 exhibits little water splitting activity resulting from rapid water 

formation from H2 and O2. The coating of Pt/TiO2 with NaOH, conversely, results in higher 

stoichiometric H2 and O2 evolution (H2/O2 = 2)[8], [88], [99]. It was deduced that the NaOH 

coating suppressed H2-O2 recombination on Pt and to hold water molecules near the catalyst 

surface. Following this work, however, most photocatalytic water splitting reactions have been 

designed for aqueous solution is basically faster than in the gaseous phase [41], [88], [101]–

[108]. The two important parameters which are used to evaluate the photocatalytic water 

splitting performance of a chosen material are solar to hydrogen (STH) conversion efficiency 

and apparent quantum efficiency (AQE), or apparent quantum yield (AQY [109]–[111]). 

The most widely used carbon nanomaterials, CNMs for the synthesis of photocatalysts such as 

carbon nanotubes, graphene, carbon quantum dots (CQDs), fullerene and graphitic carbon 

nitride have received a lot of attention because of their great physiochemical stability, earth 

abundant, and low cost of synthesis.  In addition, the electronic structure, and photocatalytic 

properties of CNMs can be controlled through morphology and interfacial modulation. To 

overcome rapid recombination of electron-hole pair and narrow visible light adsorption is to 

construct heterojunction via assembly of CNMs with semiconductors. Particularly, the 

modified CNMs-based Z-scheme heterojunction, the benefits include improved light 

harvesting, spatially  separated electron and hole sites and strong redox ability [109], [110], . 

On the other hand, apart from structure modification of the Z-scheme heterojunction, the 

introduced CNMs also serve as electron mediator between two semiconductors, which helps to 

reduce the resistance and improve the charge separation and stability [1], [109], [112]. 
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Recent research has shown that CQDs have also been used as electron mediator in building 

solid state Z-scheme heterojunction. In 2019, a CQD-based Z- scheme heterojunction was 

fabricated by Liu et al. by bridging TiO2 and Cd0.5Zn0.5S with CQDs, which display super 

photocatalytic activity for H2 evolution. Further, Pan et al. framed a sandwich-type structure 

where CQDs were encapsulated between CdS and BiOCl. The formed CdS/CQDs/BiOCl 

heterojunction exhibited  much higher photocatalytic activity on the degradation of RhB and 

phenol under visible and UV light irradiation compared to BiOCl, CdS/BiOCl, and 

CQDs/BiOCl [109], [112]–[114].  

Currently, researchers are targeting the use of carbon-based nanomaterials like helices (CNFs), 

CNTs and fullerenes (C60) doped with semiconductor photocatalysts to enhance the 

effectiveness of the composite materials in water splitting [15], [109], [115], [116]. The 

importance of this technique is perceived to be associated with the delocalization processes of 

the combined structure present in the carbon allotropes that act as electron reservoirs that will 

necessitate the transfer and splitting of the photogenerated electrons. Additionally, there is 

improvement of the adsorptive properties of the photocatalysts and this gives rise to catalytic 

sites on the photocatalyst surfaces [117], [118]. Other methods have been used to extend TiO2 

photocatalytic properties to electromagnetic radiation regions by capping it with carbon. This 

technique of doping TiO2 with CNFs has combined effect thereby improving the efficiency of 

the photocatalyst and proposed various mechanisms which still require justification [1], [97], 

[119]–[121].  

Despite the uncertainty, the enhanced compositing of CNFs with TiO2 (TiO2/CNFs) materials 

helps to advance the catalytic effect of TiO2. Studies have shown that CNFs/CNTs have the 

potential to act as an electron reservoir to separate electron-hole pairs successfully. Moreover, 

similar studies have suggested the photosensitizing properties of CNFs/CNTs in which they 

directly inject electrons into the TiO2 conductive band, CB [15], [72], [96], [121], [122]. 
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2.5 Titanium dioxide (TiO2) as a photocatalyst 

Titanium dioxide, titanium (IV) oxide or titania, is the naturally occurring oxide of titanium, 

TiO2. Primarily, it is obtained from ilmenite, rutile, and anatase. It is used in paints, sunscreen, 

Photocatalysis, and food colouring etc [9], [11], [123]. Photocatalysis in which inexhaustible, 

clean and safe solar energy can be harvested for sustainable, non-hazardous, and low-cost 

technologies, is a major advance in obtaining clean energy. Titanium oxide materials in 

different types and forms have proved to be essential photocatalysts for a range of significant 

reaction because of their chemical stability, nontoxicity and high reactivity. Extensive research 

has led to the development of varied Ti-oxide based photocatalytic materials. Especially, 

photocatalysts have been used for applications such as the purification of polluted water and 

air, self-cleaning glasses, tiles, and tents coated with Ti-oxide materials with distinct photo-

induced superhydrophilicity, and bone-implant fixation etc [9], [11], [123]. 

Titanium dioxide, TiO2 and its morphological variants are the most researched photocatalysts 

for thermo-splitting of water for and removal of organic contaminants from the environment. 

In the last decade, TiO2 has been one of the most investigated semiconductor [6], [77], [129]–

[132], [103], [104], [123]–[128]. This is associated with its high reactivity, high hydrophilicity, 

low cost, and availability, chemical and physical stability, resistance to photo-corrosion, optical 

electronic and optical capacity [133]–[135]. TiO2 is a transition-metal oxide semiconductor 

consisting of Ti4+ atoms and six O2− coordinated together forming a TiO6, octahedron [123], 

[136]. Similar to other metal oxides, TiO2 is often non-stoichiometric with oxygen vacancies 

(Ov) as main defects at the near-atmospheric oxygen pressure, according to the properties of an 

intrinsic n-type semiconductor [1], [14], [123]. The oxygen vacancies (Ov) at the surface of the 

n-type appear as extra unpaired electrons in CB, which function as donor like states. This 

generates an accumulation layer in the surface, hence, a downward band bending [9], [81]. 
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TiO2 consists of three crystal phases: anatase, rutile, and bookite. Although anatase and rutile 

exhibit the same tetragonal crystal structure, bookite has an orthorhombic structure. The three 

polymorphs also differ in the energy bandgap (Eg) values, with 3.2eV, 3.0eV, and 3.3eV for 

anatase, rutile, and bookite, respectively [123], [133], [137]. Anatase has been generally 

considered as the most active phase of the three TiO2 polymorphs for photocatalytic work. 

Studies show that in the presence of alcohols, faster and irreversible hole scavenging was 

achieved on anatase than in the rutile, resulting in the generation of long-lived electrons (t ≈ 

0.7s) The lower activity of rutile caused the deficiency of rutile holes to drive efficient and 

irreversible alcohol oxidation and not the differences in recombination kinetics. It has also been 

found by other researchers [123] that only anatase generates OH● radicals, thus, the 

photocatalytic oxidation on rutile is limited to adsorbed species.  

Research has also been carried out focusing on the improvement of visible light-responsive Ti-

oxide photocatalysts by introducing little amounts of components such as cations and metal 

oxides by chemical doping and physical ion-implantation methods [3], [17], [80].  

Besides, Ti-oxide photocatalysts which operate effectively under natural sunlight irradiation 

have been prepared.  

The splitting of H2O for the evolution of H2 and O2 is undergoing development using visible 

light-responsive titanium oxide thin film photocatalysts under sunlight irradiation. It has also 

been reported that Ti-oxide single site photocatalysts constructed within zeolite frameworks 

can induce the reduction of CO2 with water to form hydrocarbons and O2 [11], [16], [41] 

By 1960s, many researchers studied the photo induced phenomena activities on 

semiconducting solids such as TiO2 and ZnO under UV light irradiation. They observed that 

some molecules such as O2 and water are adsorbed on or desorbed from the solid 
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semiconductor surfaces under UV illumination depending on the respective surface conditions. 

The photocatalytic decomposition of water on powdered TiO2 photocatalysts loaded with small 

amounts of Pt or Rh metal particles has been reported. This led to the development of Pt/TiO2 

catalysts, the electron, photo-formed in TiO2 moved to the Pt metal site where they induce 

reduction reactions, while photo-formed holes remain in the TiO2 particle and migrate to its 

surface where they induce oxidation reactions [9], [11]. Hence the charge separation of 

electrons and holes is the most important process in photocatalysis employing semiconducting 

materials, photo electrochemical mechanism.  

Substantive efforts have been devoted to the design of photocatalytic systems displaying a high 

conversion efficiency of light into chemical energy such as splitting of water into H2 and O2. 

Others have focused on colloidal semiconductors and others on semiconductors incorporated 

on inert supports such as porous glass, or zeolites. Besides, binary oxide catalysts have also 

been shown to be promising photocatalysts. 

An earlier description of the photocatalytic properties of some metal oxides was given in1955 

by Markham who worked with ZnO, Sb2O3 and TiO2, and the different types of photochemical 

changes that these oxides may undergo such as catalytic oxidation of organic compounds under 

UV irradiation. At a later time, in 1972, Fujishioma and Honda showed that water could be 

photolyzed electrochemically at an illuminated TiO2 and Pt electrode combination to give H2 

and O2 [16], [41]. 

Since this discovery there has been a series of studies in search of the photocatalytic materials 

to produce Hydrogen fuel, hydrogen economy. A lot of semiconductors have showed 

photocatalytic properties like MoS2, WO3, BiFeO3, Fe2O3 and CdTe, though only a few of them 

fulfil the thermodynamic requirements for overall water splitting, much like KTaO3, SrTiO3, 

TiO3, ZnS, and SiC. What may be perceived as a simple basic function like the excitation of 
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the semiconductor by absorption of light results in the formation of charge carriers, the valence 

band holes, hvb
+ , and the conduction band electrons, ecb

− . But, because of the strong oxidation 

potential of  hvb
+  and reactive oxygen species such as ●OH, ●OOH, and H2O2 which are formed 

from the hvb
+  oxidation of water and ecb

−  reduction of O2, most organic compounds like 

methanol, formaldehyde, formic acid can be oxidized, also, they can be mineralized to CO2 

and H2O in the photocatalytic systems [1], [14], [123].  

As a result of the challenges facing the overall water splitting, an alternative approach is to 

combine light-induced splitting of water and photooxidation of organic substrates, (i.e. 

methanol, formaldehyde, formic acid) into a single process known as photocatalytic reforming. 

TiO2 has been extensively studied as photocatalyst, there was an argument in many aspects 

such as the nature of the oxidative agent (●H radicals vs h+), the site at which the reaction takes 

place (surface vs bulk solution), how to improve performance and efficiency of TiO2 

photocatalytic properties. Unfavourably, TiO2 has a relatively large bandgap (3.2eV) as a result, 

only UV radiation can activate it, its conduction band is a bit positive relative to the redox 

potential for H2 evolution. Evidently, new semiconductor-based nanostructured materials are 

needed that would use lower-energy photons available in the visible spectral region. Currently, 

there is development of strategies to push the absorption of photons by TiO2 toward longer 

wavelengths (≥ 387 nm) by doping TiO2 with anions and/or cations (N, C, S, F, and metal ions) 

[11], [17], [123]. TiO2 has been widely used because of its many advantages namely non-

toxicity, high photochemical stability, abundance, low cost and high stability against photo 

corrosion [138]–[141]. In spite of the many studies on TiO2, there is no other metal oxide that 

has been found to act as an efficient photoanode with valence and conduction band edges that 

embrace the redox potentials of water and organic pollutants. 
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2.6 Water splitting in the presence of sacrificial reagents 

Reliable conversions of solar energy have been a challenging problem and varied studies have 

been undertaken to try resolve the issue. For example: Biomass conversion, photocatalytic 

cells, and photocatalytic water splitting. Studies have shown that some metal oxides like TiO2, 

SrTiO2, ZrO2, BaTi4O9, and CeO2, have capability for water splitting into hydrogen and oxygen 

in the stoichiometric ratio under ultraviolet (UV) and visible light irradiation [80], [82], [96], 

[123], [142]–[144]. 

TiO2 has been extensively used in photocatalysis, due to its favourable bandgap energy (3.2 eV 

in anatase) and its high stability in aqueous solution under UV irradiation. 

The process of photocatalysis over TiO2 is triggered by the absorption of a photon with energy 

equal to or greater than the forbidden band gap of the semiconductor. Accompanying light 

irradiation, the electron-hole pairs are generated. The photogenerated electrons move to the 

conduction band, where they reduce H+ to H2 and the holes on the surface of semiconductor 

break up water to O2 and H+. 

It has been noted that pure TiO2 cannot achieve the splitting of water into H2 and O2 in aqueous 

suspension system. The challenging problem is the fast, undesired electron-hole recombination 

reaction, which is thermodynamically favoured. Thus, it is vital to inhibit the electron-hole 

recombination process. The use of sacrificial reagent helps to control the process. 

Photo-efficiency of the process can be enhanced by the addition of sacrificial reagents which 

act as electron donors or electron-acceptor scavengers. In photocatalytic water splitting, the 

photocatalysts used can potentially use inexhaustible solar energy, sacrificial agents, and still 

operate at low temperatures without additional power sources such as coal and electricity to 

produce hydrogen [53], [88], [145]–[149]. Studies have been carried out on hydrogen 

production from systems consisting of semiconductor particles suspended in aqueous solutions 
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and dissolved organic compounds. The compounds are generally known as sacrificial 

reagents/agents. For instance, in a Pt/TiO2- water- methanol system, methanol is oxidized by 

means of the photo-generated valence band (VB) holes on the metal-decorated photocatalyst 

hence allowing the reduction of water to hydrogen by photogenerated electrons in the 

conduction band (CB) [55], [81], [121], [150]–[152]. The sacrificial reagents/agents then react 

irreversibly with the photogenerated holes and promote accordingly the electron/hole 

separation. This technique can be used in the photocatalytic production of hydrogen with 

simultaneous decomposition of pollutants (water treatment) or what is referred to as photo 

reforming [9], [123]. The examples of scavengers (sacrificial agents) that have been in use are; 

Ethanol, Methanol, 4-nitrophenol, Na2S, Na2SO4, glucose, glycerol, Ethylene diamine tetra-

acetic acid, EDTA, I− and IO3
−, CN−, and Fe3+ ions [62], [81], [114], [123], [153] and the most 

appropriate for water splitting are glycerol and glucose [153]. It has also been reported that 

organic pollutants (like oxalic acid, formic acid, and formaldehyde) act as electron donors in 

waste water [4], [123]. 

2.7 Photocatalytic materials for hydrogen production 

Traditional and extensively studied binary transition-metal-semiconductors such as TiO2 and 

WO3, are easy to prepare and are stable under photo electrochemical operations, but their 

bandgaps are large to absorb a substantive fraction of the solar spectrum. Thus, the search for 

more and better materials to efficiently catalyze water splitting reaction is in progress. Various 

metal oxides, sulphides, nitrides, and phosphates which comprise of metal cations with d0 and 

d10 configurations with smaller bandgaps can be considered as photocatalysts. Transition metal 

oxides based on d0 and d10 bands have valence-band energy levels dominated wholly by the O2 

p levels, making the VB at ca +3V or higher (vs NHE), figure2, which is appropriate to oxidize 

water. Their high ionic character dictates a large separation between the band edges. But, if the 

bottom of the CB of a given metal oxide is located at a potential more negative than the water 
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reduction potential, the bandgap of the material will automatically become larger than 3eV, 

which is too large for efficient solar energy harvesting [1], [9], [14], [76], [120], [154]–[161] . 

Group I and Group II metals together with some lanthanides form perovskite materials, also 

semiconductor catalysts coupled with carbon materials are promising for this type of work [9], 

[162].  

By evaluating the semiconductors that are suitable for photocatalysis, TiO2 has been widely 

used because of its many advantages namely non-toxicity, high photochemical stability, 

abundance, low cost and high stability against photo corrosion [140], [141]. Nevertheless, TO2 

also has a setback of wide bandgap, 3.0 – 3.2 eV, which lowers its prospective for visible light 

absorption [163]–[165]. Owing to the structural and chemical properties of TiO2, it is feasible 

to construct the bandgap, recombination rate, and light absorption properties by controlling and 

improving the electrical properties [1], [6], [17], [129], [166]. There are different polymorphs 

of TiO2 with dissimilar behaviours. The common and most important ones are anatase, rutile 

and brookite.  Anatase and rutile TiO2 polymorphs are primarily used for photocatalytic water 

splitting; though some research have been done with amorphous TiO2 [167], [168]. 

Carbon was first proposed by A. L. Lavoisier in 1789 from charcoal. It is one of the most 

available elements on earth. Besides, it is capable of forming several compounds [169]. Carbon 

has proved to have distinctive physicochemical and thermal properties [11]. Eminently, during 

photocatalytic water splitting, the material can capably play several roles, including co-catalyst, 

supporting material and electron acceptor [170]. The aforementioned functions of carbon 

basically enhance the surface reaction sites, visible light capturing as well as competently 

transferring the electrons to the surface reaction sites in TiO2 [171], [172]. Additionally, carbon 

also promotes the segregation of the photogenerated electron-hole pairs of TiO2 showing that 

carbon has gained electron storage potential [173]–[177]. Other studies by Gao et al., also 
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reported the compositing of TiO2 carbon for H2 evolution upon illumination with visible light 

[173]. Also, it turned out that the inclusion of carbon in TiO2 photocatalysts helps to advance 

the photocatalytic stability [178], [179]. Other studies show that Chengwu et al., prepared 

carbon-TiO2 composite with sheets coated on the shell type TiC (TiC/TiO2-C) by thermal 

growth process [176], [180]. The TiC/TiO2-C principal covering produced enhanced hydrogen 

evolution results than the neat TiO2 (P-25) as a result of the principal covering structure that 

helped to shift the band edge of TiO2 which resulted from the retardation of the photogenerated 

electron- hole pair recombination efficiency.  

Semiconductor materials have been used for solar energy conversions as colloids, powders, 

electrodes, and thin films while hydrogen production is by electrochemical, biological, 

photochemistry (semiconductor electrode) and photocatalytic (using semiconductor powders) 

processes [9], [17], [181].  

Table 1: Outline of the photocatalytic activity of photocatalysts for water splitting 

 Photocatalyst Reactant  & 

sacrificial 

agents 

Parameter 

(Light source) 

Activity 

(H2 evolution) 

 

Ref 

rGO/TiO2 Methanol 300 W Xenon lamp 149 μmol g-1 h-1  [177] 

NiOX/ TiO2  Glycerol 

(16.6%) 

500 W Hg lamp 900 μmol g-1 h-1  [182] 

rGO/g-C3N4/TiO2  Glycerol 

(5%) 

UV – Visible light 

250 W 

23143 μmol g-1 h-1  [183] 

Cu/TiO2-G Methanol 300 W high 

pressure Hg/500 W 

Xe lamp 

TiO2 – 500 μmol g-1 

h-1  

G-TiO2  – 1900 μmol 

g-1 h-1  

Cu/G-TiO2  – 10,000 

μmol g-1 h-1  

[184] 

TiO2 (P-25)/RGO Methanol UV - vis Hydrothermol - 

78 TiO2/ 

RGO – 200 μmol g-1 

h-1  

TiO2     –  20 μmol g-1 

h-1  

 

 

[185] 
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P25-Graphene Methanol Metal halide lamp TiO2/Graphene –  

350 μmol g-1 h-1  

  

[186] 

TiO2/g-C3N4  UV 18200 μmol  h-1  [187] 

Black TiO2   UV 0.4 μmol  h-1  [188] 

Cu/TiO2 nanorods Methanol, 

 20 vol % 

300 W 

Xe lamp 

1023.8 μmol g-1 h-1  [189] 

Rh-Nb/TiO2 NRs Methanol, 

 10 vol % 

300 W 

Xe lamp  

7850 μmol g-1 h-1 [190] 

rGO/TiO2 Methanol  300 W 

Xe lamp  

149 μmol g-1 h-1  [177] 

3 wt% Ni-

TiO2/CdS 

Ethanol,  

25 wt% 

300 W 

Xe lamp, 420 cut 

off filter 

33.63 μmol /g-cat-1 

h-1 

[191] 

Ru/CdS-ZnS Formic acid, 

methanol, 

ethanol 

300 W 

Xe lamp  

266 mmol/m2 h [192] 

Au/TiO2 Ethanol 4 UV-LED lights, 

12 W each 

15.8 μmol /min g-

cat. 

[91] 

SiFe co doped 

TiO2 

 

540 ml 

distilled H2O, 

60 ml ethanol 

500 W 320 μmol g-1 h-1 [54] 

GaN:ZnO 

(Mn3O4.Rh/Cr2O3 

Distilled H2O 

NaI 

 20 μmol g-1 h-1 

  

[54] 

TiO2  

 

Distilled H2O 

10% 

methanol 

300 W Xe lamp 42.00 μmol g-1 h-1 

 

[54][193] 

Au/ TiO2   300 W Xe lamp 3550 μmol g-1 h-1  [194] 

2 wt% NiO - 

loaded TiO2  

 500 W Hg lamp 1230 μmol g-1 h-1  [195] 

MoS2/TiO2  300 W Xe arc lamp 8.43 μmol g-1 h-1 [196] 
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CHAPTER THREE 

A facile synthesis of Copper Oxide Nanoparticles for catalytic Preparation of high 

quality Carbon Nanofibers 

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, 

Johannesburg 2050, South Africa 

Abstract 

Copper oxide nanoparticles synthesis using a simple, novel method at room temperature is 

reported. X-ray diffraction (XRD) analysis was used to investigate the crystallinity of the 

CuO nanoparticles. Single-phase monoclinic structure was confirmed. The average crystallite 

size of CuO NPs was calculated by Scherrer’s formula and found to be 11 nm. The as-

synthesized CuO nanoparticles were characterized by High Resolution Scanning Electron 

Microscopy (HR-SEM) whereby the purity of the CuO nanoparticles was analysed using 

EDX microanalysis and the composition of the elements showed high purity with O and Cu 

as the only elements. Raman Spectroscopy was used to study the microstructural nature of the 

CuO nanoparticles. The three Raman active modes, Ag, Bg
1, and Bg

2 of the CuO nanoparticles 

were detected at 293 cm-1, 335 cm-1, and 629 cm-1, respectively while the multiphonon band 

was at 1105 cm-1.  The Fourier Transform Infrared (FTIR) spectrum of the CuO nanoparticles 

showed a strong peak of Cu-O symmetrical stretching at 1638 cm-1 whereas Cu-O vibrational 

modes were at 512 cm-1 and at 600 cm-1. This confirm the formation of the CuO 

nanoparticles, and prove the presence of monoclinic phase of the as-synthesized CuO 

nanoparticles. The thermal stability of the CuO nanoparticles was investigated and the weight 

loss of 23% which occurred between 175ºC and 230ºC was due to thermal dehydration of the 

as – synthesized CuO nanoparticles because water was used in the synthesis.  Carbon nano 

fibers were synthesized using the CuO nanoparticles, functionalized and characterized by 
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FTIR, PXRD, Raman spectroscopy, HR-SEM, TEM, TGA, BET, and found to be of high 

purity and high thermal stability. 

Keywords: Copper Oxide nanoparticles; Carbon Nanofibers; Catalysis; Chemical Vapour 

Deposition; Semi-conductor. 

3.1 Introduction  

The potential of copper oxide, CuO as a p-type semiconductor [1]–[3] has contributed to its 

extensive use in several applications like catalysis [4]–[7], energy conversion [8], [9], gas 

sensing [10]–[12], and field electron emission [10], [13]–[15]. Their properties can be 

enhanced by synthesis into nanoparticles like copper oxide nanoparticles [16]–[18]. 

Previously, several techniques suggested for the synthesis of copper oxide nanoparticles of 

divergent morphologies; for instance precipitation [15], [19], sonochemical [20]–[22], 

thermal oxidation [23]–[25] and combustion [26][27]. Additionally, a lot of CuO 

nanoparticles have been prepared using hydrothermal [28], [29], acid-catalysed sol-gel 

processes [30], and hydrolysis [31]. Most of these methods require processing conditions 

such as vacuum filtration, thermal treatment at different temperatures, centrifuging, 

calcination, and pH monitoring to obtain high quality CuO nanoparticles. Amongst these 

processes, precipitation method has proved to be excellent because it is quick, simple, and 

reproducible. The use of potassium hydroxide and Copper (II) nitrate trihydrate, 

Cu(NO3)2.3H2O in the synthesis of CuO nanoparticles at room temperature is novel and does 

not involve the use of acids, surfactants, heating or annealing during the synthesis. This 

method can be employed in many fields due to economic power usage (low heat) at room 

temperature (25º C), profitable to extensive work with superior products. The method is safe, 

environmentally friendly and produces CuO nanoparticles of high purity. One remarkable 

major field in which the p-type semiconductors have had a massive positive impact is 
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catalysis whereby they are used as catalysts in the production of structures like carbon 

nanofibers, CNFs, and carbon nanotubes, CNTs. 

Following their findings in 1991 [32], CNFs together with CNTs have drawn great attention 

because of their unique and tuneable electronic conductivity and mechanical strength 

[33][34]. Their 1D structural property has further favoured their many applications in medical 

sector and industries [32]–[34]. In this research, we have synthesised CuO nanoparticles 

using a noble method that, does not depend on pH, heating or calcination to synthesize. The 

other methods that have been reported for the synthesis of CuO nanoparticles [35]–[43] 

depend on pH, heating or calcination. Cu(NO3)2 was the precursor and the as-synthesized 

CuO nanoparticles were used in the catalytic preparation of the CNFs. The as-synthesized 

copper oxide nanoparticles and the synthesized carbon nanofibers were characterized by 

PXRD, HRSEM, TGA, FTIR, Raman spectroscopy, and BET. 

3.2 Experimental 

3.2.1 Chemical reagents  

Copper (II) nitrate trihydrate, Cu(NO3)2.3H2O (99%), potassium hydroxide, anhydrous, 

KOH, ≥ 99.95% trace metal basis and nitric acid, HNO3 (55%) were procured from Sigma – 

Aldrich and used without further purification. Hydrogen and acetylene gases were both 

purchased from Afrox and distilled water was used. 

 

3.2.2 Procedure for obtaining copper oxide nanoparticles 

The CuONPs were prepared by copper nitrate, Cu(NO3)2.3H2O. The metal salt was dispersed 

in 200 mL deionized water forming 0.05M solution of coper nitrate. An equal volume of 

0.05M concentration of KOH was added with vigorous stirring for 12 h. Black precipitates 

were obtained, repeatedly cleaned  with distilled water to neutrality before drying in an oven 
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overnight with heat of 80 ℃. The dried CuO NPs were characterized using PXRD, Raman, 

HR-SEM, and FTIR. 

 

3.2.3 Preparation of carbon nanofibers 

The carbon nanofibers were prepared by synthesized CuONPs as catalyst at 300 ℃ in a quartz 

tube using chemical vapour deposition, CVD technique [5]. The synthesis method of CNFs 

employs the breakdown of acetylene, C2H2 in a CVD tube furnace, straight and parallel to the 

ground. The CVD tube furnace was electronically monitored by setting the thermal flow, rise 

in temperature, and gas throughput. The catalyst, about 0.1g, added into a quartz boat, 120 

mm by 15 mm at room temperature (25ºC) and the boat transferred to the middle of the CVD 

tube furnace. The temperature of the furnace was then increased at 10 ℃ min-1 with hydrogen 

gas, H2 discharging over the catalyst at 50 mL min-1. Upon attaining heating of 300 ℃, the H2 

flow was retained for 30 minutes before introducing C2H2 at a constant flow rate of 50 

mLmin-1. Afterwards, approximately 30 minutes, the C2H2 stream was ceased, and the CVD 

tube furnace was enabled to loose heat to 25ºC under H2 gas stream. The quartz boat was 

later taken out of the CVD tube furnace and the yield, carbon sediment formed along with the 

catalyst weighed. 

 

3.2.4 Acid treatment of carbon nanofibers 

The CNFs were washed with concentrated nitric acid, to separate the remnants of the CuO 

NPs besides, functionalizing them. Concentrated nitric acid (55%) was introduced to the 

CNFs in a round bottom flask before refluxing at 110 ℃ for 2 h. The mixture was enabled to 

loose heat to 25ºC filtered, washed with copious amount of distilled water to neutrality. The 

washed CNFs were filtered and dried for 12 h in an oven at 80 ℃. 
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3.2.5 Characterization of Copper Oxide Nanoparticles, and Carbon Nanofibers 

Copper oxide nanoparticles and CNFs were distinguished by a range of methodologies.  

The analysis of the copper oxide nanoparticles along with CNFs have been investigated by 

Scanning Electron Microscopy, SEM analysis (ZEISS Sigma 300 VP from M/S ZEISS 

‘Smart SEM’ OXFORD INSTRUMENTS x-act PentaFET Precision and ‘Oxford INCA’, 

United Kingdom. The same materials have also been analysed by X-ray diffraction (XRD) 

using a Brucker D2 phaser fitted with Cu – Kα radiation (λ = 1.5405 Å), operating at 30 kV 

(Voltage) and 10 mA, (Current). A Perkin Elmer TA TGA Q500 has been explored in the 

determination of the heat resistance of the materials by thermogravimetric analysis. At least 

10 mg of the sample was heated up to 900 ℃  with increasing temperature of 10 ℃ min_1 

under air. FT- IR Spectroscopy, mounted with a Bruker Tensor 27 FT – IR spectrometer (4000 

– 500 cm-1) has been employed to identify the functional groups present in the samples.  

Optical attributes have been analysed by Varian Cary Eclipse EL0410 3870 

photoluminescence/ fluorescence Spectrophotometer and a SPECORD 210 plus UV – Vis 

Spectrophotometer. The specific surface of the samples was determined by Brunauer – 

Emmett – Teller (BET), N2 physisorption (Micromeritics ASAP – 2000 Tri - star analyser). 

Prior to the analysis of the samples, 0.2 g was degassed for 6 h at 150 ℃ concealed by 

nitrogen stream employing a Micromeritics flow Prep 060. 

 

3.3. Results and Discussions 

3.3.1 X-ray diffraction (XRD) analysis 

The XRD order of copper oxide nanoparticles as-synthesized is indicated in Fig. 1. The 

orientation together with crystallinity attributed to more or less spherical copper oxide 
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nanoparticles are revealed by the XRD pattern. The absence of diffraction patterns of other 

phases indicates the phase purity of the as-synthesized copper oxide nanoparticles. The 

position of the peaks with 2𝜃 values of 32.93°, 35.99°, 39.21°, 49.35°, 53.92°, 58.66°, 62.01°, 

66.60°, 68.37°, 72.81°, and 75.47° are indexed as (110), (-111), (-202), (020), (202), (-113), (-

311), (220), (311), and (004) planes and are within acceptable limits with those of CuO 

nanoparticles from the standard JCPDS data file No. 89-5895. The main diffraction peaks 

positioned at 2𝜃 values are 11 nm, classified (-111) and (111) planes respectively[6]. Scherrer 

equation has been used to calculate the average grain size,  

               D = kλ/βcosθ 

Where, D is the average grain size, λ – wavelength of the incident beam (1.5405 Å), β is the 

full width at half maximum (FWHM) and θ is the diffraction angle. Using the equation, the 

average CuO nanoparticles is 11 nm.  
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Fig. 1. PXRD patterns of CuO nanoparticles as-synthesized (as-prepared) using novel 

precipitation method at room temperature without calcination of the CuO nanoparticles. 

In addition, PXRD was used in studying the level of crystallinity of the CNFs. The PXRD 

pattern for CNFs is shown in Fig.2. The broad peak positioned at 11.66º is because of the 

crystal plane index C(002) which is associated with the orientation of carbon materials. The 

sharp peak points to a high level of graphiticity in CNFs. Additionally, the high symmetry of 

the C(002) peak designates the absence of ϒ-bands associated with amorphous carbon [44]  A 

further broad peak is detected at 24.43º, indexed C(100) diffractions of graphitic carbons 

[45]. The PXRD results indicate that CNFs synthesized by the CuO nanoparticles are highly 

graphitic, which is preferable for productive exfoliation processes. 

Observations on SEM and TGA analyses of the as-prepared carbon nanofibers and cleaned 

carbon nanofibers were studied in order to further verify obtained information from PXRD 
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analysis that the functionalized carbon nanofibers did not contain traces of CuONPs.
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Fig. 2. PXRD spectrum of the copper oxide nanoparticles (CuONPs), carbon nanofibers 

(CNFs), functionalize carbon nanofibers (F_CNFs) prepared using as-synthesized CuO 

nanoparticles.  

3.3.2 SEM Analysis 

The SEM study was used to determine the morphological properties of the CuONPs and the 

carbon nanofibers (as-synthesized and functionalized CNFs), Figures 3, 5 and 6. The 

composition of the elements is presented in Table 1. The results indicate high purity with 

varying sizes and more or less uniform shape for the CuONPs and no aggregation of the 

particles as shown by Figure 3, Table 1, and Figure 4. High purity was also observed in 

functionalized CNFs. 
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Fig. 3. SEM image of as-synthesized CuO nanoparticles prepared using Novel method at 

room temperature and without calcination of the synthesized CuO nanoparticles. 

TABLE 1. Composition of the elements 

 

 

Element Weight% Atomic%  

O K 27.11 59.63  

Cu K 72.89 40.37  

Totals 100.00   
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Fig. 4. EDX spectrum of as-synthesized CuO nanoparticles synthesized using Novel method 

at room temperature and without calcination.                                                

 

Fig. 5. Scanning Electron Microscopy images of the as-prepared CNFs prepared using as-

synthesized copper oxide nanoparticles prepared using Novel method at room temperature 

and without calcination of the as-prepared copper oxide nanoparticles. 
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Fig. 6. Scanning Electron Microscopy images of functionalized CNFs. 

 

3.3.3 Thermogravimetric  Analysis (TGA) 

The heat resistance of the CuO nanoparticles was investigated for comparison with similar 

work. The experimental TGA graphs of the as-synthesized CuO nanoparticles, CNFs and the 

functionalized CNFs at heating rates of 10ºC to 900ºC are represented in figure 7. There are 

three mass-loss sections in the TGA spectra in figure 7. The weight loss of 23% which 

occurred between 175ºC and 230ºC was due to thermal dehydration of the as – synthesized 

CuO nanoparticles because water was the only solvent used in the synthesis. The CNFs had 

thermal decomposition at 185ºC to 530ºC corresponding to weight loss of 93%.  And the 

functionalized CNFs thermally decomposed from 42ºC to 577ºC generating weight loss of 

99%. However, functionalized CNFs had a higher thermal stability of 577ºC as compared to 
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thermal stability of 530ºC for the as-synthesized CNFs. The difference in thermal stability of 

the CNFs and the functionalized CNFs indicates the presence of CuO nanoparticles in trace 

amounts in the as-synthesized CNFs thus resulting in the low thermal stability of the CNFs as 

compared to the functionalized CNFs [46]–[48]. But, the thermogravimetric patterns of the 

as-prepared carbon nanofibers and functionalized carbon nanofibers were characterized by 

the thermal induced decomposition from 40ºC to 600ºC. 

110 220 330 440 550 660

0

20

40

60

80

100

W
e
ig

h
t 

lo
s
s
 (

%
)

Temperature (oC)

 A

 B

 C

 

 

 

Fig. 7. TGA diagrams of the copper oxide nanoparticles (A), carbon nanofibers (B), and 

functionalized carbon nanofibers (C).  

  

3.3.4 FT-IR 

The FTIR spectrum of CuO nanoparticles prepared at room temperature and without 

annealing is shown in figure 8. The strong and broad absorption peak at 3466 cm-1 resulted 
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from adsorbed water molecules. By considering the high surface area to volume ratio of the 

as-synthesized CuO nanoparticles, there were chances of moisture absorption.  Normally, the 

region within 2700 and 3750 cm-1 is the OH-stretching region. The strong peak at 1638 cm-1 

could be attributed to the Cu-O symmetrical stretching. The two strong absorption peaks at 

512 cm-1 and at 600 cm-1 exhibit the vibrational modes of the CuO nanoparticles between 500 

-700 cm-1. The peaks marked 512 cm-1 and 600 cm-1 confirm the formation of the CuO 

nanoparticles, and also prove the presence of monoclinic phase of the as-synthesized CuO 

nanoparticles. The absence of an additional IR active mode between 500-700 cm-1 eliminates 

the existence of Cu(Ι) – O, (Cu2O) vibration of the CuO nanoparticles. This is in agreement 

with the other reports of CuO nanoparticles [49]–[51]. 

The FTIR spectrum of the functionalized CNFs are shown in figure 9. The strong band at 

1100 cm-1 was associated with C–O stretching vibrations. The IR peak at 3438 cm-1 was O-H 

stretching vibrations. The remainder of the peaks could be the vibrations of aliphatic C-H 

groups in the range of 3000-2800 cm-1, 2000-1800 cm-1, 1410-1395 cm-1, and 820-790 cm-1. 
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Fig. 8. The FTIR spectrum of the CuO nanoparticles. 
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Fig. 9. The FTIR spectrum of the functionalized CNFs. 
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3.3.5 Raman spectroscopy 

The Raman spectroscopy was used to study the microstructural nature of the copper oxide 

nanoparticles because Raman shifts can be used in the identification of the existence of 

different phases or crystallinity of Nano sized materials. Therefore, CuO nanoparticles were 

identified and Cu2O or Cu(OH)2 were not detected. Figure 10 shows the Raman shifts of the 

as-prepared copper oxide nanoparticles. The strong and sharp Raman shifts at 293 cm-1, 335 

cm-1, and 629 cm-1, with shifts to smaller wavenumbers, red shift was associated with the 

phonon confinement effect and grain size of the CuO nanoparticles. It has been noted that 

Raman intensity depends on the grain size; the fine grain sizes give high intensity of stronger 

and sharper peaks and thus high purity or crystallinity of the test material. From figure 10, the 

three Raman active modes, Ag, Bg
1, and Bg

2 of the copper oxide nanoparticles were detected 

at 293 cm-1, 335 cm-1, and 629 cm-1, respectively. The multiphonon band of the CuO 

nanoparticles in the region 1105 cm-1 was associated with the in harmonic coupling between 

phonons in the CuO nanoparticles matrix.     

The Raman spectrum in figure 11 is of the functionalized carbon nanofibers. Raman 

spectroscopy was used to further evaluate the crystallinity also, to get more details on the 

defects on F_CNFs. The D-band at 1384 cm-1 is a defect’s identification on the F_CNFs. And 

the G-band at 1590 cm-1is the C-C stretching in the F_CNFs [52]–[54]. 

The peak area ratio of the G- to D –bands (1D /1G) is 1.54 which indicates high levels of 

defect in the F_CNFs. The high levels in the material suggests the presence of active sites on 

the F_CNFs. Normally, presence of defects on the materials results in the formation of 

landing sites for nano metal particles which are the active species in catalysis. Thus, the 

higher the ratio, the better is the material for catalysis.  
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Fig. 10. The Raman shifts of the copper oxide nanoparticles. 
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Fig. 11. The Raman shift of the functionalized CNFs. 



 

 

82 

 

3.3.6 BET Analysis 

The Brunauer – Emmett –Teller (BET) surface area for as-prepared copper oxide 

nanoparticles was found to be 5.31 m2g-1 while literature values vary, 6.18, 59.1, 58.8, 14.5, 

2.79, 1.72 m2g-1 for the F_CNFs was 32 m2g-1 which compared to 38 m2g-1. It was noted that 

the surface area of CuO nanoparticles depends on the temperature of the method of 

preparation. These results suggest that the graphitization scope of carbon nanofibers improve 

with acid treatment hence the increase in their photocatalytic characteristics [46], [55]–[59]. 

3.3.7 TEM Analysis 

Figure 12 shows the TEM images of the as-prepared copper oxide nanoparticles while the 

distribution graph in Figure 13 gives the average particle size of 9.940 ± 4.295 nm for the 

CuO nanoparticles 

 

Fig. 12. Transmission Electron Microscopy image of the copper oxide nanoparticles.  
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Fig. 13. The distribution graph of the CuONPs. 

The TEM image of F_CNFs is presented in Figure 14. The distribution graph of the F_CNFs 

presented in Figure 15 show that the diameter of the F_CNFs is 73 ± 9.22 nm which is in 

agreement with what has been reported, 50-200 nm [60].   
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Fig. 14. Transmission Electron Microscopy image of the F_CNFs.  
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Fig. 15. The distribution graph of the diameter of the F_CNFs.  

 

The electron image and the EDS mapping of the F_CNFs are shown in Figures 16 and 17 

respectively. 
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Fig. 16. An electron image of the F_CNFs. 

 

 

Fig. 17. The EDS mapping of the F_CNFs. 
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The CuONPs were prepared by copper nitrate, Cu(NO3)2.3H2O. The metal salt was dispersed 

in 200 mL deionized water forming 0.05M solution of coper nitrate. An equal volume of 

0.05M concentration of KOH was added with vigorous stirring for 12 h. Black precipitates 

were obtained, repeatedly cleaned  with distilled water to neutrality before drying in an oven 

overnight with heat of 80 ℃. The dried CuO NPs were characterized using PXRD, Raman, 

HR-SEM, and FTIR.  

The carbon nanofibers were prepared by synthesized CuONPs as catalyst at 300 ℃ in a quartz 

tube using chemical vapour deposition, CVD technique [5]. The synthesis method of CNFs 

employs the breakdown of acetylene, C2H2 in a CVD tube furnace, straight and parallel to the 

ground. The CVD tube furnace was electronically monitored by setting the thermal flow, rise 

in temperature, and gas throughput. The catalyst, about 0.1g, added into a quartz boat, 120 

mm by 15 mm at room temperature (25ºC) and the boat transferred to the middle of the CVD 

tube furnace. The temperature of the furnace was then increased at 10 ℃ min-1 with hydrogen 

gas, H2 discharging over the catalyst at 50 mL min-1. Upon attaining heating of 300 ℃, the H2 

flow was retained for 30 minutes before introducing C2H2 at a constant flow rate of 50 

mLmin-1. Afterwards, approximately 30 minutes, the C2H2 stream was ceased, and the CVD 

tube furnace was enabled to loose heat to 25ºC under H2 gas stream. The quartz boat was 

later taken out of the CVD tube furnace and the yield, carbon sediment formed along with the 

catalyst weighed.  

The CNFs were washed with concentrated nitric acid, to separate the remnants of the CuO 

NPs besides, functionalizing them. Concentrated nitric acid (55%) was introduced to the 

CNFs in a round bottom flask before refluxing at 110 ℃ for 2 h. The mixture was enabled to 

loose heat to 25ºC filtered, washed with copious amount of distilled water to neutrality. The 

washed CNFs were filtered and dried for 12 h in an oven at 80 ℃.  
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3.4 Conclusion 

In the course of this research, CuO nanoparticles were synthesized via a simple, novel, one-

step and highly reproducible method at room temperature. The novel method does not require 

calcination or annealing of the as-prepared copper oxide nanoparticles which the other 

methods presently in use need. The CuO nanoparticles synthesized by this novel method was 

further tested in the catalytic preparation of CNFs and the results prove that the CNFs that 

were prepared using this method were of high purity as shown by Raman shifts. The Raman 

spectrum shows the G-band of the functionalized carbon nanofibers at 1596 cm-1, while the 

presence of the D- band is at about 1387 cm-1 indicating the pristine nature of the F_CNFs. 

The characterization of the as-prepared copper oxide nanoparticles validated features of the 

copper oxide nanoparticles, and these particles were averagely 11 nm as compared to what 

has been reported, 6, 10 and 27nm. Additionally, the synthesized CNFs were functionalized 

and found to be of high purity and of high thermal stability, 577ºC. The results compare well 

with the CNFs synthesized by other methods. 
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APPENDIX 1 
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 Fig. 1. Photoluminescence spectrum of the F_CNFs. 
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Fig. 2. The DTA diagrams of the copper oxide nanoparticles (A), functionalized carbon 

nanofibers, F_CNFs (B), and carbon nanofibers (C).  
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CHAPTER FOUR 

Efficiency of TiO2 composited with carbon nanofibers for Hydrogen production from 

water 

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, 

Johannesburg 2050, South Africa 

 

Abstract 

The dissociation of H2O on TiO2 capped with metal, non-metal nitrides, and metal oxides to 

produce hydrogen and oxygen is a long standing research as a prospective channel to 

renewable, neat, extensive production. However, the rate of hydrogen production reported in 

these studies are low to meet the global hydrogen demands. To intensify the generation of 

hydrogen by light-activated catalysts using water, its implementation was examined using 

TiO2 composited with carbon nano fibers (CNFs) in this study. The catalytic accomplishment 

of TiO2 coated on CNFs, TiO2 – A (anatase) and TiO2 – P25 (P25) for hydrogen production 

was investigated. The CNFs were synthesized by chemical vapour deposition and purified by 

55% HNO3. The CNFs were coated with TiO2 – A at different loadings of 0, 10%, 20% by 

hydrothermal method and used in hydrogen production from water using UV irradiation at 

room temperature (25ºC). The synthesized TiO2 – anatase had granular nanoparticles with 

average particle size of 9.5 nm. All the CNFs were totally covered with TiO2 nanoparticles. 

The SEM- EDS Scanning confirmed the existence of Ti, C and O in the samples, while BET 

surface area of the TiO2/CNFs, TiO2 and CNFs was 126, 73 and 32 m2/g respectively. The 

20% _TiO2 /F_CNFs had the highest photocatalytic efficiency of 7203.50 μmol g-1 h-1 while 

TiO2 -P25 and TiO2 – A, were 126.39 and 119.39 μmol g-1 h-1 respectively. 
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4.1 Introduction 
There is increasing energy demands globally. Regardless of the needs, present-day point 

sources are shrinking and predicted to exhaust faster than envisaged. Consequently, 

environmentalists and researchers are presently advocating for sustainable energy to eradicate 

the problem. Energy systems that are sustainable are being instituted to encounter the 

increasing intercontinental power  challenges and minimize dependence on petroleum that 

degrade the environment [1]. Discovering an alternative replacement of non-renewable 

energy for daily consumption, the power saving of the alternatives has to be greater also, 

ecologically friendly particularly on carbon emissions as compared to the fossil fuels which 

are currently in use [2]. A renewable, and neat power for innumerable applications like 

heating, automobile power, fuel cells, and many more which have minimal ecological 

deterioration influence is hydrogen [3]–[6]. Additionally, hydrogen application as a substitute 

fuel has been a long-term replacement to reduction of global carbon dioxide production via 

hydrogenation processes [3]–[5], [7], [8]. Photocatalytic hydrogen generation occurring in 

water splitting is a potential technique for sustainable energy and resolving, environmental 

degradation which is an issue to the world [9]–[13]. Naturally, water is free and can offer 

energy security for the future. The known commercial processes for hydrogen production are 

photocatalytic, electrochemical and thermochemical. These have been broadly studied 

methods, and are still being advanced for better results. In photocatalysis, a semi-conductor is 

used as a catalyst. The electronic configuration of the substance is important in determining 

optical energy gap (Eg), which is the difference between lower occupied energy level 

(valence band: VB) and higher unoccupied energy level (conductive band: CB). The 

semiconductor should have an ideal band gap of about 1.23 eV though a band gap range 
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between 1.5 to 2.5 eV may still work as some energy losses may occur [14]. In water splitting 

operations, water is split into gaseous H2 and O2 in reduction-oxidation processes (proton 

reduction and 4e- water oxidation) [15]. 

The photocatalytic surface has to be irradiated with power higher than or equal to its band 

width for a photon absorption to take place. The process induces the formation of electron- 

hole pair. The light-induced electron (e-) is lodged in CB giving rise to a vacancy/hole (h+) in 

the VB. The electron- hole pairs normally referred to as charge carriers generated relocate to 

the facet of the photocatalyst and react with water molecules adsorbed on its surface whereby 

reduction and oxidation reactions take place producing H2 and O2 [10], [16]–[20]. 

The environmental friendliness of hydrogen (a zero-emitter of greenhouse gases) has 

triggered a lot of interest in research related to its production through water splitting, 

accelerated by a diversity of photocatalysts and sacrificial reagents in the production 

processes. Admitting the role of the photocatalysts together with the use of electron/hole 

separators, sacrificial electron donors and acceptor, achieving absolute water splitting is still 

unfeasible [10], [13], [21]–[28]. However, sacrificial reagents are used in the production of 

hydrogen in cases where there is need for enhancement of the yields (hydrogen and oxygen 

yields) under such states. The success of the use of sacrificial reagents relies on photocatalyst 

and the sacrificial reagent used [29], [30] 

During photocatalysis, the charge carriers are abundantly produced as a result of the photon 

absorption as the irradiation is employed on the photocatalyst. The generated electron-hole 

pairs migrate to the reaction centers which are on the facet of the photocatalysts. On the 

photocatalyst surface, water molecules are reduced to H2 while oxidation occurs to form O2 

[10], [31]–[33]. Different opinions have emerged concerning the benefits derived from the 

use of sacrificial reagents. This however has made TiO2-based catalysts when used together 
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with sacrificial reagents an emerging area of interest to researchers as divided hypotheses 

have come up. Most research indicate that information gained in one research is not 

transferable to another [34]–[37]. Hence, the type of sacrificial reagent to be used in water 

splitting together with photocatalysts such as TiO2 need to be investigated further. To this 

moment, there is no correlation between the photocatalyst ability to split water and the 

presence of sacrificial reagents [2], [21], [29], [31], [38]–[42]. 

Currently, researchers are targeting the use of carbon-based nanomaterials like helices 

(CNFs), CNTs and fullerenes (C60) doped with semiconductor photocatalysts to enhance the 

effectiveness of the composite materials in water splitting [43]–[46]. The importance of this 

technique is perceived to be associated with the delocalization processes of the combined 

structure present in the carbon allotropes that act as electron reservoirs that will necessitate 

the transfer and splitting of the photogenerated electrons. Additionally, there is improvement 

of the adsorptive properties of the photocatalysts and this gives rise to catalytic sites on the 

photocatalyst surfaces [18], [47]. Other methods have been used to extend TiO2 

photocatalytic properties to electromagnetic radiation regions by capping it with carbon. This 

technique of doping TiO2 with CNFs has combined effect thereby improving the efficiency of 

the photocatalyst and proposed various mechanisms which still require justification [13], 

[15], [16], [22], [31]. 

Despite the uncertainty, (this technique of doping TiO2 with CNFs has combined effect 

thereby improving the efficiency of the photocatalyst and proposed various mechanisms 

which still require justification [13], [15], [16], [22], [31]) the enhanced compositing of CNFs 

with TiO2 (TiO2/CNFs) materials helps to advance the catalytic effect of TiO2. Studies have 

shown that CNFs/CNTs have the potential to act as an electron reservoir to separate electron-

hole pairs successfully [47]. Moreover, similar studies have suggested the photosensitizing 
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properties of CNFs/CNTs in which they directly inject electrons into the TiO2 conductive 

band, CB [10], [22], [25], [45], [48], [49]. 

This study evaluated the efficiency of compositing TiO2 with CNFs. The work included the 

preparation, identification, and utilization of TiO2-doped CNFs as a photocatalyst for water 

splitting. The synthesized catalysts were also compared with TiO2 – P25 (P25) and TiO2 – 

anatase (TiO2 – A). The parameters investigated included: loading percentage, duration of 

exposure of the photocatalyst to the UV radiation on the rate of hydrogen production. To 

ascertain best reaction conditions, sacrificial reagent, methanol (<10 %) at low concentration 

(negligible or no CO2 emissions) was also studied. Since the dissociation of H2O on TiO2 

capped with metal and non-metal nitrides, metal oxides to produce hydrogen and oxygen is a 

long standing research as a prospective channel to the production of hydrogen, it has been 

realized that the rate of hydrogen production reported in these studies are low to meet the 

global hydrogen demands. To intensify the generation of hydrogen by light-activated 

catalysts using water, TiO2 composited with carbon nano fibers (CNFs) was used in this 

study. The catalytic accomplishment of TiO2 coated on CNFs, TiO2 – A (anatase) and TiO2 – 

P25 (P25) for hydrogen production was investigated. The CNFs were synthesized by 

chemical vapour deposition and purified by 55% HNO3. The CNFs were coated with TiO2 – 

A at different loadings (0, 10%, 20% TiO2 loadings) by hydrothermal method and used in 

hydrogen production from water using UV irradiation at room temperature (25ºC). The 

synthesized TiO2 – anatase had granular nanoparticles with average particle size of 9.5 nm 

and all the CNFs were totally embedded with TiO2 nanoparticles. The 20% _TiO2 /F_CNFs 

had the highest photocatalytic efficiency of 7203.50 μmol g-1 h-1 as compared to the rest. TiO2 

-P25, 126.39 μmol g-1 h-1 and TiO2 – A, 119.39 μmol g-1 h-1 recorded the lowest quantity of 

H2.  

  



 

 

103 

 

4.2 Experimental 

4.2.1 Materials 

Methanol (analytical grade), ethanol (analytical grade), ammonia solution (25%), copper (II) 

nitrate trihydrate, potassium hydroxide, anhydrous, KOH, ≥ 99.95% trace metal basis, nitric 

acid, HNO3 (55%), titanium butoxide and butanol were purchased from Sigma – Aldrich. 

Hydrogen, argon and acetylene gases were purchased from Afrox. Deionized and distilled 

water were employed in the procedures. 

 

4.2.2 Preparation of CuO NPs 

The CuO NPs were prepared using copper nitrate. The metal salt was dispersed in 200 mL 

deionized water forming 0.05M. 200 mL of 0.05M potassium hydroxide was added and 

vigorously stirred for 12 h. Black precipitates were obtained, repeatedly cleaned with 

deionized water to neutrality and dried in the oven overnight at 80 ℃. The dried CuO NPs 

were characterized using PXRD, Raman, HR-SEM, and FTIR. 

 

4.2.3 Synthesis and purification of CNFs 

The carbon nanofibers were prepared by the synthesized CuO NPs at 300 ℃ in a tube heating 

system using chemical vapour deposition, CVD technique[50]. The synthesis method of 

CNFs employs the fragmentation of acetylene, in a quartz tube heater, positioned 

horizontally. The heating system was automatically monitored by setting the thermal flux, 

reaction temperature, and gas flow rates. The catalyst, about 0.1g was filled into a quartz 

apparatus, 120 mm by 15 mm at 25℃, and positioned at the middle of the quartz tube. The 

heating system temperature was then raised at 10 ℃ min-1 with hydrogen gas, H2 flowing 

over the catalyst at 50 mL min-1. Upon attaining 300 ℃, the H2 flow was retained for 30 
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minutes before introducing C2H2 at a constant flow rate of 50 mLmin-1. Afterwards, 

approximately 30 minutes, the C2H2 flow was stopped and the furnace allowed to cool down 

to 25℃, under continuous H2 flow. The quartz apparatus was later removed from the heating 

system, carbon deposit formed together with the catalyst measured. The CNFs (as-

synthesized CNFs) were washed with concentrated nitric acid, to eliminate the remnants of 

the CuO NPs and to functionalize them. A 55% HNO3 was introduced to the CNFs in a round 

bottom flask. The mixture was then refluxed at 110 ℃ for 2 h. The resulting suspension was 

allowed to cool to 25 ℃, filtered before washing with distilled water to neutrality. The washed 

/functionalized CNFs (F_ CNFs) were filtered and dried for 12 h in an oven at 80 ℃. 

 

4.2.4 Synthesis of TiO2/F_CNFs composite and TiO2 - anatase 

The TiO2/F_CNFs was prepared by a hydrothermal method which was modified from a 

surfactant wrapping sol-gel approach formerly outlined by Deng et al [51], and Hamid et al 

[52]. In this study, a fixed amount of the purified CNFs (F_CNFs) was discharged in 25 ml 

butanol and homogenized for 30 minutes in a sonicator. A known amount of titanium 

butoxide which had been previously dispersed separately for 30 minutes in 5 ml butanol was 

added in drops to the F_CNFs suspension with vigorous stirring. Ammonia solution (25%, 1 

ml) was introduced in drops to the F_CNFs mixture to completely hydrolyse the titanium 

butoxide. The mixture was then changed to a Teflon cup. The sample was then treated in an 

autoclave at 120ºC for 24 h. The sample was centrifuged and washed with ethanol, deionized 

water and dried in an oven at 80ºC for 24 h. Calcination was carried out at 400ºC for 4 h. The 

samples loadings were 10% and 20% loadings of TiO2 on F_CNFs, identified as 10% 

TiO2/F_CNFs and 20% TiO2/F_CNFs respectively. The same approach was replicated 

without F_CNFs to prepare TiO2 – anatase, identified as TiO2 – A in this study. 
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 4.2.5 Catalyst characterization 

The synthesized samples were identified by different methods. Morphologies of TiO2, CNFs, 

F_CNFs, TiO2/F_CNFs composites were analysed by HRSEM analysis (ZEISS Sigma 300 

VP from M/S ZEISS ‘Smart SEM’ OXFORD INSTRUMENTS x-act PentaFET Precision 

and ‘Oxford INCA’, United Kingdom. The same samples were analysed by X-ray diffraction 

(XRD) using a Brucker D2 phaser fitted with Cu – Kα radiation (λ = 1.5405 Å), operating at 

30 kV (Voltage) and 10 mA, (Current). A Perkin Elmer TA TGA Q500 was employed to 

explore the thermogravimetric analysis. At least 10 mg sample was heated up to 900 ℃ at a 

heating rate of 10 ℃ min_1 under air. In probing the size and shape of the samples, 

Transmission Electron Microscopy utilizing a FEI Technai G2 Spirit electron microscope, 

120 kV was used. Particles size distribution was investigated by ImageJ software in which at 

least 100 particles were computed for each sample. Fourier Transform Infrared spectroscopy, 

mounted with a Bruker Tensor 27 FT – IR spectrometer (4000 – 500 cm-1) was employed to 

identify the functional groups present in the samples. The identification of TiO2 and the 

graphicity of the F_CNFs in the composites was achieved by laser Raman spectroscopy at an 

excitation wavelength of 517 nm recorded by a Jobin-Yvon T64000 Raman spectrometer 

equipped with Olympus BX40 microscope. The optical attributes of the samples were 

analysed by a Varian Cary Eclipse EL0410 3870 photoluminescence/ fluorescence 

Spectrophotometer and SPECORD 210 plus UV – Vis Spectrophotometer. For the 

determination of the specific surface, Brunauer – Emmett – Teller, N2 physisorption 

(Micromeritics ASAP – 2000 Tri - star analyser) was used. Prior to the analysis of the 

samples, 0.2 g was degassed for 6 h at 150 ℃ concealed by a N2 flow using a Micromeritics 

flow Prep 060. The GC used was a HP 5890A Gas Chromatograph. 
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4.2.6 Photocatalytic studies 

The catalytic studies were tested in a photo-chemical reactor (Lelesil Innovative Systems, 1 

litre) as reported by Walls et al [53] using a 450 W UV Xe lamp, figure 1. In this work, 1g of 

the photocatalyst was dispersed in 1 L of distilled water and mixed by stirring for 15 min at 

room temperature, 25ºC before radiating the sample with the UV lamp for 6 h under argon 

and with stirring. For the sacrificial reagent study, methanol was added and the sample mixed 

at 1000 rpm from the start of the experiment to the end of the reaction, 6 h. The system was 

purged with argon until no peaks were detected on the online GC (thermal conductivity 

detector, TCD) from the start of the reaction and was held throughout the reaction under a 

flow rate of 80 ml min-1. 

 

Fig. 1. (a) Representational (b) Photographic Reactor used for photocatalysis.  
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4.3 Results and Discussions 

4.3.1 Materials characterization 

The 3D morphological and structural properties of TiO2 – anatase (TiO2 – A), CNFs, F_CNFs 

and TiO2/F_CNFs composites were studied using Field Emission Scanning Electron 

Microscopy, FESEM and TEM, figures 2 and 3. The CNFs, and F_CNFs were examined to 

be fiber-like while TiO2 – anatase (TiO2 – A) was granular (consisting of small particles) and 

the F_CNFs/TiO2 composites were feathery in morphology, figures 2 and 3.  

 

Fig. 2. Field Emission scanning electron microscopy, FESEM investigation of; as-prepared 

CNFs (a), Functionalized CNFs, F_CNFs (b), TiO2 – anatase (TiO2 – A) (c), F_CNFs/20% 

_TiO2 composite (d), Energy-dispersive x-ray spectroscopy, EDS spectrum of the 

F_CNFs/20% _TiO2 (e), configuration of the elements, F_CNFs/20% _TiO2 (f). 

The CNFs (as-synthesized) were purified to remove impurities and any remaining CuONPs. 

This step was important because the presence of CuONPs could affect the carbon nanofibers 

catalytic behaviour on TiO2 under study. The FESEM pictures of the as-prepared/synthesized 
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CNFs and functionalized CNFs (F_CNFs), figures 2 and 3 show that the presence of traces of 

CuONPs were reduced to below observable limits. This shows that the CuONPs were 

effectively removed from the F_CNFs structures and that they are soluble in 55% HNO3. The 

purified (functionalized) F_CNFs were fibrous in nature and the fibers were helical as shown 

by the TEM image figure 3.  

It was also the same observation with CNFs and F_CNFs morphologies, FESEM, figure 2. 

The F_CNFs were slender in diameter averaging 81.59 nm, but varying between 14 and 134 

nm.  

TiO2 – anatase which was synthesized had granular nanoparticles, figure 3(c). The average 

particle size was 7.2 nm and varied amid 3.0 – 13.4 nm. All the F_CNFs were totally covered 

with TiO2 nanoparticles, figures 2. FESEM image clearly revealed TiO2 nanoparticles lodged 

onto the surface of the F_CNFs, figure 2. Gao et al indicated that doping TiO2 and CNFs by 

surfactant wrapping sol-gel method produced evenly covered CNTs with TiO2 

nanoparticles[54]. In this study, when the surfactant wrapping sol-gel method was modified 

hydrothermally, a fully coated F_CNFs were obtained. 
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Fig. 3. TEM images: (a) Functionalized carbon nanofibers (F_CNFs), (b) The distribution 

diagram of the diameter of the F_CNFs (c) TiO2 – anatase, (d) Particle size graph of TiO2 – 

anatase.  
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The total covering of F_CNFs indicates that chemical interactions existed between the TiO2 

and F_CNFs. Adjacent closeness contact, resulting from chemical processes on F_CNFs/TiO2 

composites was identified as the source of electron transfer of similar structures thus giving 

rise to separation of the charges (electron-hole separation) [55]–[57].  

Most of the physicochemical attributes of F_CNFs/TiO2 composites are based on the 

interaction between F_CNFs and TiO2 which successively rely upon the preparation 

procedures[54]. Moreover, clustering of TiO2  nanoparticles on the surface of the 

functionalized carbon nanofibers (F_CNFs) provided proof that the F_CNFs contributed in 

the accumulation of the TiO2 during the hydrolysis process [54].  

The FESEM image, figure 2 and EDS scanning confirmed the existence of Ti, C and O in the 

structures. This is a confirmation that the CuONPs that was used in the preparation of the 

CNFs was effectively removed. Other studies have also shown that FESEM/SEM-EDS can 

be used to show the elemental distribution in the samples [58], [59]. 

The thermogravimetric analysis (TGA and DTA thermograms) plots presented in figure 4 was 

used in investigating the purity as well as the thermal stability of the CNFs together with 

F_CNFs/TiO2 composites. The TGA of the as-synthesized CNFs are shown in figure 4. It is 

eminent from figure 4 that the use of 55% HNO3 in purifying the as-synthesized CNFs 

effectively removed the residual CuONPs (catalyst) which could have been trapped in the 

CNFs during their synthesis. TGA graphs of the CuO Nanoparticles, CNFs and the 

functionalized CNFs at heating rates of 10ºC to 900ºC are shown in figure 4. The three mass-

loss sections in the TGA spectra in figure 4 are the weight loss of 23% which occurred 

between 175ºC and 230ºC which resulted from thermal dehydration of the CuO 

Nanoparticles because water was the only solvent used in the synthesis. The as- synthesized 

CNFs had thermal decomposition at 185ºC to 530ºC corresponding to weight loss of 93%.  
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And the functionalized CNFs thermally decomposed in the range of 42ºC to 577ºC generating 

weight loss of 99%. However, functionalized CNFs had a higher thermal stability of 577ºC as 

compared to thermal stability of 530ºC for the as-synthesized CNFs. The difference in 

thermal stability of as-prepared carbon nanofibers and the functionalized carbon nanofibers 

indicates the presence of CuO Nanoparticles in trace amounts in the as-synthesized CNFs 

thus resulting in the low thermal stability of the CNFs as contrasted to the functionalized 

CNFs. It has been reported that the incorporation of functional groups during 

functionalization increases the thermal stability. This is because the functionalization process 

using acids introduces functional groups onto the surface of the CNFs hence deforming their 

graphicity [60]–[62]. The enhancement in thermal stability of the F_CNFs/TiO2 composites 

was attributed to the covering of carbon from oxidation by the coated TiO2 nanoparticles. 

Additionally, thermogravimetric analysis was used to estimate the weight fractions of TiO2 in 

the composites. TiO2 did not combust in air at temperatures below 900 ℃, Fig. 4(b). 

                                                       



 

 

112 

 

100 200 300 400 500 600 700 800

0

20

40

60

80

100

120

W
e

ig
h

t 
lo

s
s

 (
%

)

Temperature (oC)

 CuONPs

 CNFs

 F_CNFs

(a)

 

 

200 400 600 800

0

20

40

60

80

100

 

Temperature (0C)

W
e
ig

h
t 

lo
s
s
 (

%
)

(b)

CuONPs

20%TiO2 _F_CNFs

10%TiO2 _F_CNFs

F_CNFs

CNFs

 

Fig. 4. TGA and DTA thermograms: (a) as-prepared CuO Nanoparticles, CNFs (as-     

synthesized CNFs) and functionalized CNFs (F_CNFs) (b) synthesized materials and the 

F_CNFs/TiO2 composites (c) DTA of CuONPs, CNFs and F_CNFs (d) DTA of F_CNFs/TiO2 

composites. 
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Table 1. BET surface area, pore volume, pore diameter and 1D/1G ratio of the materials.  

SBET, PV, PD, 1D /1G: BET surface area, pore volume, and pore diameter, 1D /1G ratio 

respectively. 
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Fig. 5. (a) N2 – adsorption – desorption isotherms of TiO2-anatase, F_ CNFs/20%_TiO2. 

Therefore, the material that was combusted was the F_CNFs while the thermal stable residues 

were TiO2. The obtained values were close to the predetermined ones indicating that about 

20% of the F_CNFs/20%TiO2 and 10% of the F_CNFs/10%TiO2 samples consisted of 

20%TiO2 and 10%TiO2 respectively[64]. 

 

Sample SBET 

(m2g-1) 

PV 

(cm3g-1) 

PD 

(nm) 

ID/IG Reference 

F_CNFs 

TiO2 - anatase 

F_CNFs/20%TiO2 

TiO2 - Dandelion 

Degussa P25  

  32 

  73 

126 

   81 

   49 

0.091 

0.079 

0.273 

0.071 

_ 

22.6 

   5.1 

10.7 

  3.2 

_ 

 

0.87 Current study 

Current study 

Current study 

[63] 

[Sigma- Aldrich] 
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4.3.2 Nitrogen adsorption analysis  

The Brunaauer – Emmett – Teller (BET) surface area, pore volume and pore diameter 

(porous structure) for the materials were studied using the nitrogen adsorption method[65]. 

When the F_CNFs (surface area, 32 m2/g) were composited with TiO2 (surface area, 73 

m2/g), the specific surface of F_CNFs/TiO2 composite (126 m2/g) was higher than the 

individual entities. This is because the specific surface of the composite increased with 

compositing TiO2 with F_CNFs. This observation suggests that the presence of F_CNFs 

during the hydrolysis of TiO2 lowered the agglomeration  of TiO2 nanoparticles thus the 

increased surface area[66]. Also, the pore volume of the F_CNFs/TiO2 composite was higher 

than the pore volume of TiO2 – anatase and TiO2 – Dandelion (Table 1). This resulted from 

doping of TiO2 with F_CNFs and the functionalization of the CNFs [50]. TiO2 – A (surface 

area, 73 m2/g) which was prepared by the surfactant wrapping sol-gel/hydrothermal 

procedure compared well with other previous studies [66], [67]. 

One of the benefits of incorporating CNFs intoTiO2 matrix is the improvement of the surface 

area. Thus, BET investigation was conducted to analyse the surface area of the materials as 

presented in Table 1 and Fig. 5. The increase in linearity of the adsorption isotherms profiles 

was identified in the corresponding pressure (P/Pº) range 0.30 to 0.85. This correlates with 

the mesoporous structure of the nanostructures [68]. The process lag curves profiles in the 

isotherms were categorized as type IV which is in conformity with the International Union of 

Pure and Applied Chemistry (IUPAC) classification characterizing the nanostructures as 

mesopores [69]. 

   

Raman spectroscopy was employed to investigate the graphiticity of the F_CNFs. The D-

band at 1384 cm-1 is a defects identification on the F_CNFs, and G-band, 1590 cm-1is C-C 

stretching of the F_CNFs. Also, it was used in confirming the TiO2 – A presence in the 
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F_CNFs/TiO2 composites and to study the effect of doping TiO2 with F_CNFs in relation to 

crystallinity. The Raman spectrum in figure 6 has four well defined peaks at Raman shift 144, 

397, 514, also 643 cm-1 and  indexed (Eg), (B1g), (A1g), together with (Eg), accordingly [70], 

[71].  

The four modes were also obtained on the spectra of the composites in smaller amounts 

thereby confirming the presence of TiO2 – A in the composites, figure 6 (b). 

Another important observation was that the most intense TiO2 peak (Eg) for all the 

composites was blue shifted besides being broader as compared to the TiO2 – anatase 

(unbound) (142 to 147 cm-1). The positions and broadening of Raman peaks is a 

characteristic of the nanomaterials and studies show that it’s associated with the size and 

defects in the structure, the experimental conditions and the laser – induced local heating  

effect upon material under investigation [70]–[72]. Since all the laser Raman analyses in this 

work were carried out under similar conditions, then the blue shifting and broadening of the 

peaks resulted from phonon confinement or surface pressure [58]. Besides, other related 

studies have reported similar observations such as composites of titanium nanotubes and 

graphene oxide. The effect was proposed to suggest the existence of strong chemical 

interactions between TiO2 and F_CNFs[73]. Chemical interaction between TiO2 and F_CNFs 

was expected because it helps in increasing charge separation in the F_CNFs/TiO2 

composites, thus this effect is an indication that the composites photocatalytic ability was 

enhanced. 
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Fig. 6. Raman spectra of (a) F_CNFs (b) TiO2 – A and TiO2/F_CNFs composites. 

 

TiO2 – anatase and F_CNFs/TiO2 composite were analysed by XRD. The characteristic peaks 

of TiO2 – A (TiO2 – anatase) also F_CNFs/TiO2 composite are shown in Fig. 7. Some of the 
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peaks of the F_CNFs were not noticed clearly on the PXRD patterns of the F_CNFs/TiO2 

sample because of an extention of the intense (101) TiO2 – anatase absoption with (002) 

absorption of the F_CNFs, substantial dispersion from TiO2 – anatase and the considerable 

distinction in the mass of TiO2 – anatase in relation to the mass of F_CNFs in the 

F_CNFs/TiO2 material [74], [75]. After achieving clean conditions and water resources, the 

photocatalytic production of hydrogen is feasible. Similar studies show that the crystallinity 

of the catalysts affects their photonic qualities [76]. 
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Fig. 7. PXRD spectra of TiO2 – anatase, and F_CNFs/20%_TiO2 composite. 

 

The FTIR spectra of TiO2 – anatase, F_CNFs and the composites are presented in figure 8. 

The FTIR spectra of the F_CNFs and the composites have a strong band at 1100 cm-1 which 

is associated with C–O stretching vibrations. The IR peak at 3438 cm-1 is the O-H stretching 

vibrations. The remainder of the peaks could be the vibrations of aliphatic C-H groups in the 

range of 3000-2800 cm-1, 2000-1800 cm-1, 1410-1395 cm-1, and 820-790 cm-1. The peak at  
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Fig. 8. The FTIR spectra of (a) TiO2 – anatase, (b- c) F_CNFs, TiO2 – anatase, and 

F_CNFs/TiO2 composites. 
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3400 cm-1 is as a result of adsorbed water molecules. TiO2 characteristic peak is normally in 

the range of 690 to 800 cm-1 and the broad peak which appears below 1000 cm-1 is as a result 

of two peaks [77]. The peaks from the F_CNFs and the composites at 3230, 2920, 1720, 

1636, and 1330 correspond to the existence of O-H, C-H, C=O, C=C and C-O-C accordingly.  

The peak at 1104 cm-1 for TiO2 is Ti – O – C indicating the conjugation effect of F_CNFs and 

TiO2 [78].  

To explore the confinement, movement and transfer properties of the photo induced charge 

carriers (electron – hole pair), it was imperative to study photoluminescence of the TiO2 – 

anatase and F_CNFs/TiO2 composites. Photoluminescence studies based on photocatalysts 

have been reported and employed in the study of charge carriers [56], [79]. The excitation 

wavelengths between 350 nm to 500 nm was used and the characteristic features of charge 

carrier recombination rate of TiO2 – anatase are shown in figure 9. The results from this study 

conform to other related studies [79]. 

TiO2 – anatase had higher emission peak than the F_CNFs and F_CNFs/TiO2 composites. 

The reduced intensity of the F_CNFs and the composites is as a result of limited 

recombination of electron – hole pairs showing that the F_CNFs had enhanced the lifetime of 

the charge carriers (electron – hole pair) [54], [71], [75], [79], [80]. Therefore, the higher the 

loading of TiO2 on F_CNFs the better the charge separation.  
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Fig. 9. (a) Photoluminescence spectra of TiO
2 

– anatase and F_CNFs/TiO2 composites; TiO
2
– 

anatase (A),  F_CNFs (B), 10% _TiO2/F_CNFs (C), 20% _TiO2/F_CNFs (D), and (b) The 

Band gap (E
g
) energies (eV) of TiO

2 
– anatase and F_CNFs/20%_TiO2 composite. 
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Table 2. Summary of the Band gap (Eg) energies (eV) of TiO2 phases and composite. 

Sample  

 

Energy (eV) 

  

Reference 

  

TiO2 – Degussa P25 

  

3.15 

  

[81] 

TiO2 – Anatase 

  

3.2 

  

[82] 

TiO2 – Anatase 

  

2.25 

  

Current work and [83] 

F_CNFs/20%_TiO2 

  

1.97 

  

Current work 

 

After verifying that doping of TiO2 with F_CNFs reduced the recombination frequency of the 

electron-hole pairs induced during photoluminescence studies, figure 9, UV-vis DRS studies 

were performed to enlighten the behaviour of the composites towards visible light. The 

Tauc’s plot obtained from UV-Visible Diffuse Reflectance Spectroscopy, UV-Vis DRS 

spectrum of the F_CNFs/20%_TiO2 composite (1.97 eV) was not the same as that of TiO2 – 

anatase (2.25 eV) signifying that F_CNFs had positive impact on the band gap of the 

F_CNFs/20%_TiO2 composite (1.97 eV), Table 2 and figure 9 (b). This shows that the band 

gap energy of the F_CNFs/20%_TiO2 composite was significantly reduced suggesting that 

the composite will have better photocatalytic activity as compared to TiO2 – Anatase (3.2 

eV), Table 2 [81], [82]. Also, the methods of preparation of TiO2 – anatase can be used to get 

TiO2 – anatase of different band gap energies [83]. 
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Fig. 10. X – ray photoelectron spectroscopy, XPS examination of F_CNFs/TiO2. 
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Fig. 11. XPS spectrum of nitrogen. 

The electronic configurations of the elements in F_CNFs/TiO2, were investigated by X – ray 

photoelectron spectroscopy, XPS and the results are shown in figure 10, and figure 11. 

Clearly, the XPS analysis graph in Fig. 10 (a) presents four elements, C, Ti, O, and N. In 

figure 10 (b), Ti 2p spectrum of binding energy, 458.20 eV for 2p3/2 is as a result of the 

titanium TiO2 presence [84]. The presence of N, lower intensity of N 1s peak in Fig. 11 could 

be as a result of a small contamination of ammonia solution used in the synthesis of 

F_CNFs/20% _TiO2, and TiO2 – anatase. In figure 10(c), the O 1s peaks positioned at 531.6 

eV, 533.1 eV, and 529.7 eV are consistent with the adsorbed oxygen [85] whereas figure 11 

displays the binding energy of N 1s with the peaks at 398.1 eV and 399.8 eV. At 398.1 eV, we 

find a weaker peak which can be assigned to Ti – N bond signifying some absorption of 

nitrogen atoms into the F_CNFs/TiO2 matrix [86], [87]. The peaks located at 398.1 eV and 

399.8 eV are N 1s. They hint to the presence of small quantities of –NH and –NH3
+ 

respectively as illustrated in XPS analysis spectrum, Fig. 10 (a) and the XPS spectrum of 

nitrogen Fig. 11 [88], [89]. The XPS analysis Fig. 10 (a) identifies carbon as one of the 
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elements present in the materials. The XPS peak, conforming to C 1s is clarified into 5 peaks, 

Fig. 10 (d). The bonds, C=C which are positioned around 284.7 eV point to the existence of C 

in the CNFs or graphene materials [90], [91]. The peaks positioned at 286.1 eV, 2.88 eV, and 

288.7 eV are associated with C-O, C=O and O-C=O accordingly and moreover validates the 

efficient blending of the F_CNFs into the F_CNFs/20% _TiO2 composite, Fig. 10 (d) [88]. 

 

4.3.3 Photocatalytic studies 

All the photocatalysts were assessed in the H2 production reaction using water. The 

cumulative hydrogen production analysis of the photocatalysts is in Fig. 12. The assessment 

of the catalysts was based on the materials (support), loading (efficiency) and sacrificial agent 

used in the study. The first category consists of TiO2 (TiO2 - anatase and TiO2 – P25). The 

second category is the loading of TiO2 on the functionalized CNFs (F_CNFs) thereby 

attaining F_CNFs/10% _TiO2 and F_CNFs/20% _TiO2. In the third category of 

photocatalysts, we have the support; F_CNFs/TiO2 – composited with CH3OH (methanol) 

and a repeat of CH3OH - (R). In general, F_CNFs/20% _TiO2/10%_CH3OH – (R) was 

identified as the most active photocatalyst. It generated more H2 as compared to the second 

group of photocatalysts in this study, F_CNFs/20% _TiO2. Moreover, F_CNFs/20% 

_TiO2/10%_CH3OH - (R) produced more H2 than the commercial TiO2 (TiO2 – P25), Table 3 

and Fig. 12.  

The most active photocatalyst, F_CNFs/20% _TiO2/10%_CH3OH – (R), had a loading of 

20% by weight of TiO2 - anatase coated on the F_CNFs as verified by the Field emission 

scanning electron microscopy, FESEM Fig. 2, and the Transmission electron microscopy, 

TEM images in Fig. 3. Further, the catalyst was evaluated in a reaction for 6 h, and produced 

no signs of deactivation but increased H2 production as shown in Fig. 13.  
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Table 3. Outline of the photocatalytic activity of photocatalysts for water splitting. 

Photocatalyst Reactant 

solution & 

sacrificial 

reagents 

 

Light 

source 

 

Activity  

 

Reference 

Cu/TiO2 nanorods  Methanol, 

 20 vol %  

300 W 

Xe 

lamp  

1023.8 μmol g-1 

h-1  

[92] 

Rh-Nb/TiO2 NRs  Methanol, 

 10 vol %  

300 W 

Xe 

lamp  

7850 μmol g-1 h-

1  

[93] 

rGO/TiO2  Methanol  300 W 

Xe 

lamp  

149 μmol g-1 h-1  [94] 

3 wt% Ni-TiO2/CdS  Ethanol,  

25 wt%  

300 W 

Xe 

lamp, 

420 cut 

off 

filter  

33.63 μmol /g-

cat-1 h-1  

[95] 

Ru/CdS-ZnS  Formic acid, 

methanol  

300 W 

Xe 

lamp  

266 mmol/m2 h  [96] 
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Au/TiO2  Ethanol  4 UV-

LED 

lights, 

12 W 

each  

15.8 μmol /min 

g-cat.  

[97] 

SiFe co doped TiO2 

 

540 ml 

distilled 

H2O, 60 ml 

ethanol 

 

500 W 

(Xe 

lamp)  

320 μmol g-1 h-1  [98] 

BN/1.5% Cs2CO3/TiO2  Methanol  500 W 

halogen 

lamp  

2638 μmol g-1 h-

1  

[99] 

1.5% Cs2CO3/TiO2  Methanol 500 W 

halogen 

lamp  

1642 μmol g-1 h-

1  

[99] 

BCET2  Methanol 500 W 

linear 

halogen 

lamp  

850 μmol g-1 h-1  [100] 

CET2  Methanol 500 W 

linear 

halogen 

lamp  

313 μmol g-1 h-1  [100] 
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(0D)CT-25   (Xe 

lamp)  

68000 μmol g-1 

h-1  

[101] 

 GaN:ZnO /Mn3O4.Rh/Cr2O3 

 

Distilled 

H2O 

NaI 

 

(Xe 

lamp)  

20 μmol g-1 h-1  

  

[98] 

 F_CNFs/20%_TiO2 

 

 

Distilled 

H2O 

 

450 W 

(Xe 

lamp)  

 

7203.5 μmol g-1 

h-1  

    

 

Current 

work 

TiO2 

 

Distilled 

H2O 10% 

methanol 

 

300 W  

(Xe 

lamp)  

42.00 μmol g-1 

h-1  

 

[98][102] 

Mesoporous CNTs/TiO2 Methanol 200 W 

super 

pressure 

Hg 

lamp 

TiO2 nanofibers 

880 μmol g-1 h-1  

TiO2 88.2 μmol 

g-1 h-1  

CNT/TiO2 1218 

μmol g-1 h-1  

Pt/CNT/TiO2 

2940 μmol g-1 h-

1  

[103] 
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CNT/TiO2NPs Methanol UV 

light 

(365 

nm 

LED) 

TiO2/FSWCNTs 

254 μmol g-1 h-1  

Pt-

TiO2/FSWCNTs 

355 μmol g-1 h-1  

[104] 

   

F_CNFs/20%_TiO2/10%_CH3OH  

 

Distilled 

H2O 10% 

methanol 

 

450 W  50912 μmol g-1 

h-1  

 

Current 

work 

  

TiO2 - P25 

  

Distilled 

H2O 

 

450 W  126.39 μmol g-1 

h-1  

  

Current 

work 

 TiO2 - anatase 

  

Distilled 

H2O 

 

450 W  119.39 μmol g-1 

h-1  

  

Current 

work 

 

The increament produced by TiO2 – carbon structures when compared to pure TiO2 (TiO2 – 

anatase and TiO2 – P25) has come about because of the increase in the surface area and 

reduction in the recombination rate of the charged pairs, the electron – hole recombination 

[105]. Leary and Westwood research and others also compared TiO2 – carbon materials used 

as photocatalysts to a pure TiO2 photocatalyst under similar experimental environment such 

as mass [105] as it was also done in this research. Table 3, further confirms the findings.   

Several studies have been performed on TiO2/C composites for the production of hydrogen 

[106]–[109]. However, comparison of the results has been  a challenge because factors such 

as the quantity of TiO2, the sacrificial agents (organic and/or inorganic) used and their 
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concentrations, the source and intensity of power used among others are hindering the 

comparison of the results [34]–[36]. Thus, its conceivably more appropriate to compare the 

results simultaneously with the experimental conditions and further incorporate a standard 

catalyst, such as commercial TiO2 (TiO2 – P25), as a reference catalyst [37]. In this research, 

the hydrogen produced by the most active photocatalyst (methanol – (R) was more than 100 

fold the amount produced by TiO2 - P25. Another observation was that the as-synthesized 

TiO2 – anatase, F_CNFs/10% _TiO2, and P25 produced more or less the same amount of 

hydrogen, Fig. 12 (a). These results and the comparisons evidence the importance of 

incorporating appropriate controls in the synthesis and photocatalysis for better interpretation 

of the results. 
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Fig. 12. The H2 production in 6 h of reaction for the photocatalysts; (a) TiO2 - P25 

(Commercial TiO2), TiO2 – anatase, F_CNFs/20%_TiO2/10%_CH3OH, F_CNFs/20% _TiO2, 

F_CNFs/10%_TiO2, F_CNFs/20%_TiO2/10%_CH3OH (Repeat - R), (b) The comparison of 

the most active photocatalysts; F_CNFs/20%_TiO2/10%_CH3OH - (R), F_CNFs/20% _TiO2, 

F_CNFs/20%_TiO2/10%_CH3OH, TiO2 - P25. 
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Fig. 13. The effect of stability of the most active photocatalyst, 

F_CNFs/20%_TiO2/10%_CH3OH, before analysis, and F_CNFs/20%_TiO2/10%_CH3OH – 

(R) – after analysis, XRD spectra. 

 

4.4 Conclusion   

The synthesis and the characterization of TiO2 – anatase, F_CNFs, and the F_CNFs/TiO2 

composites have been achieved in this study. The incorporation of the F_CNFs into the titania 

structure increased the BET surface area of the TiO2 – anatase from 73 m2g-1 to 126 m2g-1, 

F_CNFs/20% _TiO2. The pore volume of the materials further increased but the pore 

diameter of the composites lessened. This observation indicates that the F_CNFs can 

effectively tune the morphology of TiO2 for greater surface area, larger pore volume, and 

lower pore diameters and therefore increase the photocatalytic properties of the F_CNFs/TiO2 

photocatalysts. The Raman, FTIR, FESEM techniques revealed a very homogeneous 

distribution of TiO2 nanoparticles on the F_CNFs. The XPS analysis verified the existence of 

all the elements as Ti, O, C, N, and their corresponding electronic configurations (chemical 



 

 

132 

 

states). This was important for understanding the principles of photocatalytic water splitting 

with particular interest on the use of sacrificial agent, methanol. This is of importance to this 

study because the chemical structures, surface area, quantities, chemical states, morphology, 

particle sizes, functional groups play pivotal roles in photocatalytic water splitting processes. 

All the carbon containing samples had a change in wavelengths after UV-Vis light absorption 

to the visible region of the electromagnetic spectrum (TiO2 – 3.20 eV to 1.97 eV – 

F_CNFs/20% _TiO2). 

The photocatalysts were tested for hydrogen evolution using water, and the most active 

photocatalyst, F_CNFs/20% _TiO2/10%_CH3OH – (R) had greater hydrogen production of 

0.36 mol/g-catalyst after 6 hours as compared to TiO2 – P25, the commercial TiO2, 0.00076 

mol/g-catalyst after 6 hours.  In addition, the photocatalyst, F_CNFs/20% 

_TiO2/10%_CH3OH – (R) was stable even after 6 h use and therefore can be used for longer 

periods or recycled for economic purposes. The outcome of this study evidence the important 

role of compositing titania with F_CNFs and the use of sacrificial agent, methanol under mild 

conditions for effective photocatalytic water splitting. Thus, this study prefers the use of 

catalysts as substantive results were obtained from the use of the synthesized photocatalysts 

with distilled water. The incorporation of sacrificial reagents such as methanol in water 

splitting may be a threat to the environment. 
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APPENDIX A 

XPS data 

 

 

NA10 

Elemental ID and Quantification 

Name  Peak BE Atomic % 

C 1s 284.4 74.6 

O 1s 531.4 20.3 

Ti 2p 458.2 3.2 

N 1s 399.2 2.0 
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NA10 

Chemical ID and Quantification 

Name  Peak BE FWHM eV Atomic % 

C1s (C-C) sp2 284.2 1.2 30.0 

C1s (C-C) sp3 284.7 1.2 32.1 

C1s (C-O) 286.2 1.1 6.1 

C1s (C=O) 288.0 1.1 2.7 

C1s (O-C=O) 288.7 1.1 3.4 

N1s (Organic N; Cyanides) 399.4 2.0 1.8 

Ti2p (TiO2) 458.3 1.3 3.5 

O1s (Metal Oxide) 529.9 1.4 6.9 

O1s (C-O) 531.6 1.4 8.1 

O1s (C=O) 533.1 1.4 5.5 
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The survey spectrum shows that O 1s peaks which are located at 531.6 eV, 533.1 eV, and 

529.9 eV correspond to the adsorbed oxygen while the weaker peak positioned at 399.4 eV 

can be assigned to the Ti – N bond which shows that nitrogen atoms have been absorbed into 

the lattice of F_CNFs/TiO2 composite. The N 1s peak, 399.4 eV point to the presence of –

NH3
+ in all the composite since ammonia solution was used in the synthesis as seen in the 

XPS survey spectrum.    

One of the elements shown in XPS survey is carbon, C 1s. The C=C bonds located in the 

region 284.7 eV correspond to C in F_CNFs or graphene structures.  

 

H2 production data 

Sample ID: P25  

 

Signal,Signal,Peak,Reten.,Area,Height,Area,Height,W05 

No.,Name,No.,time,[mV.s],[mV],[%],[%],[min.] 

1,INT9 - 1,1,0.876,58.15,3.59,26.6,28.1,0.244 

1,INT9 - 1,2,9.19,45.63,2.9,20.9,22.7,0.24 

1,INT9 - 1,3,14.8,37.54,2.19,17.2,17.1,0.264 

1,INT9 - 1,4,20.4,25.95,1.62,11.9,12.7,0.248 

1,INT9 - 1,5,37.4,27.35,1.41,12.5,11.1,0.284 

1,INT9 - 1,6,38.8,23.84,1.07,10.9,8.4,0.336 

1,INT9 - 1,,Total,218.5,12.8,100,100 

 

Signal,Signal,Peak,Reten.,W05,Asymmetry,Capacity,Efficiency,Eff./l,Resolution,Reten.Inde

x 

No.,Name,No.,time,[min.],[-],[-],[th. pl.],[t.p./m],[-],[-] 

1,INT9 - 1,1,0.876,0.244,2.47,0,7e+001,1e+003,-,0 

1,INT9 - 1,2,9.19,0.24,2.56,0,8e+003,2e+005,20.3,0 

1,INT9 - 1,3,14.8,0.264,2.38,0,2e+004,3e+005,13.2,0 
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1,INT9 - 1,4,20.4,0.248,2.79,0,4e+004,7e+005,12.8,0 

1,INT9 - 1,5,37.4,0.284,2.68,0,1e+005,2e+006,37.9,0 

1,INT9 - 1,6,38.8,0.336,2.64,0,7e+004,1e+006,2.51,0 

 

,,Sample ID,Sample,Sample Amount,Sample Dilution,Injection Volume,ISTD 

Amount,Chromatogram Amount,Unretained Peak Time,Column Length,Noise,ASTM 

Noise,6-Sigma Noise,Drift,,,,,,, 

,,,,,,,,,,,,,,,Reten. Time,Response,Amount,Amount,Peak,Compound, 

,,,,,,,,,,,,,,,[min],,[N/A],[%],Type,Name, 
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Thermogravimetric Analysis data 
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Fig. 1. TGA (a) as-prepared CuO Nanoparticles, CNFs (as-synthesized) and functionalized 

CNFs (F_CNFs) (b) synthesized materials and the TiO2/F_CNFs composites. 
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Field Emission Scanning Electron Microscopy, FESEM  

 

                       (a) 

 

 

 (b) 

 

 

Fig. 2. Field Emission Scanning Electron Microscopy, FESEM investigation of; 

F_CNFs/20% _TiO2 composite (a), EDS spectrum of the F_CNFs/20% _TiO2 (b). 
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EDS scanning was performed from the SEM image, Fig. 2 (a) and it was detected that the 

sample consisted of Ti, C, O, Au, Al and Pd, Fig. 2 (b). The Al, Au and Pd, peaks were a 

result of mounting the sample on an aluminium pin stub and the coating of the sample with a 

single layer of Au-Pd. Therefore, the sample consisted mostly of Ti, C and O.  
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CHAPTER FIVE 

Highly enhanced photocatalytic hydrogen production of TiO2/CNFs doped with Pt, Au 

and Ir nanoparticles  

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, 

Johannesburg 2050, South Africa 

  

Abstract 

The use of semiconductor photocatalysts with sunlight in hydrogen production has long-

standing consideration as a favourable technique to large scale production of H2 from 

inexhaustible reserves. Typically, the reaction is realizable upon reconstructing a 

photocatalyst with appropriate cocatalyst that successfully boosts the reduction of water. 

Thus, it is a prerequisite to establish both photocatalysts and cocatalysts in conformity. 

Titanium is one of the most attractive d-block transition metals in use as water splitting 

photocatalyst. It is preferred because of its low density, high strength, corrosion resistance, 

availability and cost effectiveness. However, efficient water splitting using visible light and 

TO2 has been a challenge. TO2 has a setback of wide bandgap, 3.0 – 3.2 eV, which lowers its 

prospective for visible light absorption. This study outlines the development and the testing 

of TiO2/CNFs composites together with cocatalysts, Pt, Au and Ir for overall water splitting. 

The photocatalysts were tested for hydrogen production using water, and the most active 

photocatalyst, F_CNFs/20% _TiO2/6%Pt exhibited an activity of 0.45 mol g-1 h-1. This was 

followed by F_CNFs/10%_TiO2/5%Au and F_CNFs/20%_TiO2/1%Ir with activities of 0.28 

mol g-1 h-1, and 0.21 mol g-1 h-1 respectively. The study identifies the important role of 

nanocarbons and cocatalysts in improving the photocatalytic activity of TiO2 for hydrogen 

production from water.  

Keywords: TiO2/CNFs, Au, Pt, Ir nanoparticles, water splitting.  
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5.1 Introduction 

The diminishing of fossil fuels, coal, natural gas and oil, and the serious ecological 

deterioration resulting from their combustion, has led to the promotion of the production of 

hydrogen, H2 from water and sunlight using particulate photocatalysts as a favourable 

technology to tackle the power and the ecological problems [1]–[4]. Despite the fact that, 

indisputable attempts have been dedicated, the level of H2 evolution is still below par to be 

used commercially [5]. Obtaining a substitution for the dependence on fossil fuels for 

everyday operations, the energy efficiency of the substitutes must be greater and their 

environmental impact, particularly on carbon emissions, has to be lower than the fractional 

process of combusting fossil fuels [6]. 

By evaluating the semiconductors that are suitable for photocatalysis, TiO2 has been widely 

used because of its many advantages namely non-toxicity, high photochemical stability, 

abundance, low cost and high stability against photo corrosion [7], [8]. Nevertheless, TO2 

also has a setback of wide bandgap, 3.0 – 3.2 eV, which lowers its prospective for visible 

light absorption [9]–[11]. Owing to the structural and chemical properties of TiO2, it is 

feasible to construct the bandgap, recombination rate, and light absorption properties by 

controlling and improving the electrical properties [12]–[16]. There are different polymorphs 

of TiO2 with dissimilar behaviours. The common and most important ones are anatase, rutile 

and brookite, Fig. 1. Anatase and rutile TiO2 polymorphs are primarily used for 

photocatalytic water splitting; though some research have been done with amorphous TiO2 

[17], [18]. 

Since there is need for clean, renewable and ecologically friendly energy, photocatalytic 

water splitting to produce H2 using renewable energy is a promising technique. Photocatalytic 

water splitting can be viewed as a photochemical process in which a catalyst reacts and 
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harnesses solar power in the form of chemical energy upon irradiation. Looney [19], [20], 

reported that the sun energy reaching the earth’s surface is about 9600 times of the global 

energy consumption [20]. The advantage of solar energy has been used as an environmentally 

friendly method for fuel generation and waste water treatment (H2 production from water 

splitting and CH4 production through CO2 reduction. It is acknowledged that photocatalytic 

water splitting is a multidisciplinary study area which requires advanced knowledge of 

chemistry, chemical engineering, nanoscience, material science, nanotechnology and physics.

 

Fig. 1. Different polymorphs of TiO2; rutile, brookite, and anatase [18][21]. 

Basically, photocatalytic overall water splitting (POWS) takes place in three main steps. In step 

one, the electron- hole pairs are initiated by irradiation. This is achieved by employing the 

semiconducting characteristics of the photocatalysts to promote electrons from the valence 

band (VB) to the conduction band (CB). This step occurs when the photocatalyst absorbs 

electromagnetic radiation with energy greater than its bandgap energy. The aforementioned 

electrons and holes are referred to as photogenerated carriers or simply photogenerated 
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(electron – hole) pairs. Considering that photon generation of electron–holes depends on 

excitation of the semiconductor with radiation, photocatalysts with a broad- spectrum of light 

responses and sufficient light absorption coefficient have to be produced, which could be 

acquired by pursuing mitigation of photocatalysts by doping or solid solution fabrication [22]. 

Step two involves charge separation and relocation of the photogenerated charge carriers. In 

the course of relocation of the electron – hole pairs to the exterior of the photocatalyst, some 

recombination of the electrons and holes may occur, and only the charge carriers that eventually 

reach the redox-active sites can take part in the redox-reaction processes. Fundamentally, 

accelerated charge separation must be enhanced (charge separation must be accelerated or 

enhanced) by fabricating hetero/homo-junctions to maximize the photocatalytic efficiency 

[23], [24]. The final step comprises the electrons, which migrate from the CB to the 

photocatalyst surface to take part in a reduction reaction and produce hydrogen, while the holes 

move from the VB to the surface of the catalyst to be involved in oxidation reaction forming 

oxygen. As a result of the high activation energy of water splitting [25], [26], only a few of the 

photogenerated electron- hole pairs reaching the photocatalyst facet can be involved in the 

water splitting reaction in good time, hence surface recombination occurs thereby greatly 

reducing the photocatalytic overall water splitting efficiency [25], [26]. Thus, several 

strategies, as well as loading cocatalysts which are mainly metals or metal oxides for instance 

Pt, NiO, and RuO2, which are capable of acting as the sites of action by promoting electron 

movement that can be used to enhance the surface redox reaction. 

The reduction and oxidation (redox) processes on the surface of the catalysts are shown as 

follows [27]; 

Photo - reduction:  2H2O +2℮- → H2 + 2OH-                                                      (1) 

Photo - oxidation: 2H2O  → O2 + 4H+ + 4℮-                                                       (2) 



 

 

160 

 

          Overall reaction:   H2O + 1.23eV (hѵ) → H2 + 1/2O2                                         (3) 

  

To accelerate the surface redox response, numerous techniques of inserting cocatalysts on the 

photocatalysts have been established, including impregnation [28], photodeposition [29], [30], 

and others [31], [32]. Suitable cocatalysts composited with photocatalysts function as active 

sites and catalyse the process by enhancing charge separation, together with relocation caused 

by the heterojunction existing in the midst of semiconductor photocatalyst and the cocatalyst 

[33]. 

Carbon from charcoal was first proposed by A. L. Lavoisier in 1789. It is one of the most 

available elements on earth. Besides, it is capable of forming several compounds [34]. Carbon 

has proved to have distinctive physicochemical and thermal properties [35]. Eminently, during 

photocatalytic water splitting, the material can capably play several roles, including co-catalyst, 

supporting material and electron acceptor [36]. The aforementioned functions of carbon 

basically enhance the surface reaction sites, visible light capturing as well as competently 

transferring the electrons to the surface reaction sites in TiO2 [37], [38]. Additionally, carbon 

also promotes the segregation of the photogenerated electron-hole pairs of TiO2 showing that 

carbon has gained electron storage potential [39]. Other studies by Gao et al., also reported the 

compositing of TiO2 carbon for H2 evolution upon illumination with visible light [40]. Also, it 

turned out that the inclusion of carbon in TiO2 photocatalysts helps to advance the 

photocatalytic stability [41], [42]. Chengwu et al. [43] prepared carbon-TiO2 composite with 

sheets coated on the shell type TiC (TiC/TiO2-C) by thermal growth process. The TiC/TiO2-C 

principal covering produced enhanced hydrogen evolution results than the neat TiO2 (P-25) as 

a result of the principal covering structure that helped to shift the band edge of TiO2 which 
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resulted from the retardation of the photogenerated electron- hole pair recombination 

efficiency. 

In this study we report on the enhancement of photocatalytic activities and the high amount of 

H2 evolved during the photocatalytic water splitting using Pt, Au or Ir supported on CNFs 

coated with TiO2. Hydrothermal method was used to coat the CNFs with TiO2 – anatase (TiO2 

– A). 

5.2 Experimental procedure 

5.2.1 Materials 

Gold (I) chloride, 99.9% metals basis, ethanol (99.9%), ammonia solution (25%), copper (II) 

nitrate trihydrate, and platinum acetylacetonate, 97%, potassium hydroxide, anhydrous, 

KOH, ≥ 99.95% trace metals basis and nitric acid, HNO3 (55%), titanium butoxide, butanol 

and Iridium (III) chloride hydrate, 99.9% trace metals basis were purchased from Sigma – 

Aldrich. Hydrogen, argon and acetylene gases were purchased from Afrox. Part of the 

experiment used deionized and distilled water. 

5.2.2 The preparation of copper oxide nanoparticles, carbon nano-fibers, and the 

functionalization of carbon nano-fibers, F_CNFs 

Copper oxide nanoparticles, CuONPs were prepared using copper nitrate which was 

dispersed in deionized water (0.05M). Potassium hydroxide, 0.05M was added with vigorous 

stirring for 12 h. Black precipitates were obtained, cleaned severally with deionized water to 

neutrality, dried in the oven overnight at 80 ℃ and characterized by XRD, Raman, SEM, 

FTIR, and thermogravimetric analysis. 

The CNFs were prepared by CuONPs at 300 ℃ in a tube heating system using chemical 

vapour deposition, CVD technique [44]. The synthesis method of CNFs employs 

fragmentation of C2H2 in a quartz heating tube, positioned horizontally in the heating system. 
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The heating system was automatically monitored by programming the heating efficiency, and 

gas circulation rates. 0.1g was packed in a quartz apparatus, 120 mm by 15 mm at 25 ℃,  and 

the apparatus transferred to the centre of the heating system. The heating system was then set 

at 10 ℃ min-1 with hydrogen gas, H2 (50 mL min-1). Upon attaining heating of 300 ℃, the H2 

flow was retained for 30 minutes before introducing C2H2 (50 mLmin-1). 30 minutes later, the 

C2H2 flow was ceased, and the heating system temperature lowered to 25 ℃, with H2 flow. 

The quartz apparatus later removed from the heater and the product quantified. CNFs were 

washed with concentrated nitric acid, to get rid of traces of CuO NPs as well as 

functionalizing them. CNFs were refluxed with 55% HNO3 at 110 ℃ (2 h). The resultant 

mixture at 25 ℃, was centrifuged, cleaned with distilled water to neutrality. The washed 

CNFs (F_CNFs) were transferred to an oven at 80 ℃ for 12 h. 

 

5.2.3 The preparation of F_CNFs/TiO2 and TiO2 nanocomposites  

The TiO2/F_CNFs was synthesized by hydrothermal process modified from a surfactant 

wrapping sol-gel approach formerly outlined by Deng et al [45], and Hamid et al [46]. In this 

investigation, fixed amount of the purified CNFs (F_CNFs) was discharged in 25 ml butanol 

and homogenized for 30 minutes in a sonicator. A known amount of titanium butoxide which 

had been previously dispersed separately for 30 minutes in 5 ml butanol was introduced drop-

wise to F_CNFs suspension and vigorously mixed. The introduction of an aqueous Ammonia 

solution (25%, 1 ml) resulted in the complete hydrolysis of titanium butoxide (no traces of . 

titanium butoxide during the washing of the product). The mixture was then transferred to a 

Teflon cup autoclaved at 120ºC (24 h), cooled, centrifuged and washed with ethanol, 

deionized water and dried in an oven at 80ºC for 24 h. Calcination at 400ºC, 4 h was 

performed. 10% and 20% loadings of TiO2 on F_CNFs, identified as F_CNFs/10% _TiO2 
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and F_CNFs/20% _TiO2 respectively were obtained. The above procedure was repeated 

without F_CNFs for the preparation of TiO2 – anatase (TiO2 – A), a control in this research.  

5.2.4 The preparation of F_CNFs/TiO2- Pt, F_CNFs/TiO2/Au, and F_CNFs/TiO2/Ir 

nanocomposites 

The F_CNFs/TiO2- Pt, F_CNFs/TiO2/Au, and F_CNFs/TiO2/Ir nanocomposites were 

prepared by a modified impregnation method. The method facilitated the homogeneous 

dispersion of the metals onto the surface of the supports, F_CNFs/TiO2 nanocomposites [47], 

[48]. By having a known amount of each noble metal precursor and 1 g of the support, the 

mixture was then sonicated for 45 minutes and calcined at 350 ºC for 2 hours under 

continuous flow of Ar to eliminate any unwanted materials [49], [50]. 

 

5.2.5 The characterization processes 

The synthesized CuONPs, F_CNFs, TiO2, F_CNFs/TiO2, together with the metal – 

F_CNFs/TiO2 were identified by a variety of analytical processes. The structural properties of 

the F_CNFs, TiO2, F_CNFs/TiO2 and the metal - TiO2/F_CNFs nanostructures were 

identified by High Resolution Scanning Electron Microscopy, HR-SEM analysis (ZEISS 

Sigma 300 VP from M/S ZEISS ‘Smart SEM’ OXFORD INSTRUMENTS x-act PentaFET 

Precision and ‘Oxford INCA’, United Kingdom, X-ray diffraction (XRD) using a Brucker D2 

phaser fitted with Cu – Kα radiation (λ = 1.5405 Å), operating at 30 kV (Voltage) and 10 

mA, (Current). A Perkin Elmer TA TGA Q500 for thermogravimetric analysis (TGA) in 

which 10 mg sample was heated to 900 ℃ at 10 ℃ min_1 under air. Additionally, the size and 

shape of the samples, was also achieved by the Transmission Electron Microscopy (TEM) 

utilizing a FEI Technai G2 Spirit electron microscope, with 120 kV. The particles size 

distribution analysis was done by ImageJ software whereby at least 100 particles were 

computed per sample. Fourier Transform Infrared, FT- IR Spectroscopy, mounted with a 
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Bruker Tensor 27 FT – IR spectrometer (4000 – 500 cm-1) helped in the elucidation of the 

functional groups in the samples. The optical properties were investigated by a Varian Cary 

Eclipse EL0410 3870 photoluminescence/ fluorescence Spectrophotometer and a SPECORD 

210 plus UV – Vis Spectrophotometer. The specific surface analysis, Brunauer – Emmett – 

Teller (BET), N2 physisorption (Micromeritics ASAP – 2000 Tri - star analyser) was used. 

The sample preparation was performed earlier in which 0.2 g was degassed, 6 h (150 ℃) and 

concealed by a N2 circulation with the help of a Micromeritics flow Prep 060.  The X – ray 

Photoelectron Spectroscopy, XPS study was invested by a Thermo Scientific ESCALAB 

250Xi spectrometer with a monochromatic Al Kα source (1486.7 eV). 

 

5.2.6 The catalyst Activity: Hydrogen production from water 

The catalytic hydrogen evolution from water was performed by submersion type reactor, 

Lelesil Innovative Systems, Thane, India, Fig. 2, described by Walls et al. [51] in which a 

450 W UV lamp was used. The reactor is a tightly closed setup. The research used 1g of the 

sample in 1 L of  distilled water, homogenized by stirring for 15 minutes then radiating the 

sample with the UV lamp at room temperature, 25ºC for 6 h under argon gas. The system was 

purged with argon until no peaks were detected on the online GC (thermal conductivity 

detector, TCD). The flow rate of the argon was 80 ml min-1 (the circulation of the argon was 

kept constant throughout the experiment). The rate of hydrogen formation was quantified by 

the GC using thermal conductivity detector (TCD). 
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Fig. 2. (a) Representational (b) Photographic Reactor used for photocatalysis, (1 litre). 

 

5.3 Results and Discussions 

5.3.1 The characterization of the support materials and the photocatalysts 

TiO2 – anatase and F_CNFs/TiO2 materials were analysed by XRD. The characteristic peaks 

of TiO2 – A (TiO2 – anatase) also F_CNFs/TiO2 composites are shown in Fig. 3. Some of the 

peaks of the F_CNFs were not noticed clearly on the PXRD patterns of the F_CNFs/TiO2 

samples because of an extention of the intense (101) TiO2 – anatase absoption with (002) 

absorption of the F_CNFs, substantial dispersion from TiO2 – anatase and the considerable 

distinction in the mass of TiO2 – anatase in relation to the mass of F_CNFs in the 

F_CNFs/TiO2 materials [52], [53]. After achieving clean conditions and water resources, the 

photocatalytic production of hydrogen is feasible. Similar studies show that the crystallinity 

of the catalysts affects their photonic qualities [54]. 
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                            Fig. 3. XRD spectra of TiO2 – anatase, and F_CNFs/TiO2 composites. 

Raman spectroscopy was employed in the investigation of the graphiticity of F_CNFs. The 

D-band at 1379 cm-1 identifies defects on the F_CNFs, while the G-band at 1592 cm-1is C-C 

stretching of the F_CNFs, Fig. 4 (a). In addition, the D and G bands in the materials proved 

the existence of TiO2 – anatase in the F_CNFs/TiO2Pt/Au/Ir nanostructures as well as the 

crystallinity of the synthesized materials, Fig. 4(b). The Raman shift 144, 399, 513, and 639 

cm-1 and are indexed (Eg), (B1g), (A1g), and (Eg), correspondingly [55], [56]. At least four 

modes were also realized on the spectra of the nanostructures, indicating the presence of TiO2 

– A in the synthesized materials. 
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Fig. 4. Raman spectroscopy (spectra); (a) F_CNFs (b) TiO2 – anatase as well as 

F_CNFs/TiO2 composites. 
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The major observation was the intense TiO2 peak (Eg) which was present in all the materials 

at lower wavelengths. Studies have shown that the positions and broadening of Raman peaks 

is a characteristic of the nanomaterials and its associated with the size and defects in the 

nanostructures, the conditions like temperature and the laser – induced local heating effect on 

the material under investigation [55]–[57]. The fact that all the laser Raman investigations in 

this work were carried out under identical experimental conditions, then the decrease in 

wavelengths (blue shifting) and broadening of the peaks resulted from phonon confinement 

and surface pressure [58]. Additionally, similar research have found identical observations 

particularly with titanium nanotubes and graphene oxide. These findings evidence the 

existence of higher chemical interactions in the F_CNFs/TiO2 materials [59]. The chemical 

reactions in TiO2 and F_CNFs were predicted and it suggests an increase in charge separation 

in the F_CNFs/TiO2 matrix, thereby pointing to improvement in photo-catalysis. The 

outcome of the analysis (Raman spectroscopy) reveal the strong chemical interactions in 

TiO2, F_CNFs and Pt, Au, Ir of noble metal – TiO2 /F_CNFs interfaces.  

The 3D analysis and the composition of TiO2 – anatase, F_CNFs, F_CNFs/TiO2 and 

F_CNFs/TiO2 – noble metal heterostructures were evaluated by the Scanning Electron 

Microscopy, SEM and Transmission Electron Microscopy, TEM, Fig. 5 and 6. The F_CNFs 

were fiber-like while TiO2 – anatase was granular (consisting of small particles). The 

F_CNFs/TiO2 and F_CNFs/TiO2- noble metal structures were fluffy in morphology, figure 5. 

The synthesized carbon nanofibers were washed to remove impurities and to functionalize 

them. Other analyses including FESEM of the CNFs and functionalized, F_CNFs are 

presented in figure 5. The analyses presented in figure 5 show that the catalyst, CuONPs was 

completely removed from the F_CNFs. The purified (functionalized) F_CNFs were fibrous in 
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nature and the fibers were helical as shown by the TEM image figure 6. It was also the same 

observation with F_CNFs morphology, FESEM analysis, figure 5. The F_CNFs were found 

to be narrow in diameter averaging 81.59 nm, but varying between 14 and 134 nm. This is in 

order with other observations on CNFs [60]. 

The synthesized TiO2 – anatase nanoparticles were grainy, and averaging closer to 7.2 nm, 

figure 6. The CNFs were totally coated with TiO2, figures 5. The Field Emission Scanning 

Electron Microscopy disclosed the existence of TiO2 nanoparticles on the CNFs. This is in 

agreement with what Gao et al found that blending TiO2 and CNFs by the hydrothermal sol-

gel method gives evenly covered CNTs with TiO2 nanoparticles [61]. In this study, 

hydrothermal process fully coated the F_CNFs. 

The complete coating of the F_CNFs suggested that chemical interactions existed between 

the TiO2 and F_CNFs because proximity and chemical reactions in the F_CNFs/TiO2 

composites have been recognized as the origin of electron transfer of related complexes 

consequently bringing about charges separation [62]–[64].  

Most of the work done by different researchers have reported that the physicochemical 

properties of F_CNFs/TiO2 materials depend on the interaction between F_CNFs and TiO2 

and the synthesis methods [61]. Furthermore, clustering of TiO2 nanoparticles over the 

surface of the F_CNFs verified that the F_CNFs contributed in the building up of the TiO2 

nanoparticles in the course of the synthesis [61].  

In figure 5, the Field Emission Scanning Electron Microscopy and Energy - dispersive X-ray 

spectroscopy verified Ti, C as well as O to be present in the support materials and that photo-

catalysts were composited with the noble metals, Pt, Au and Ir. Related work have proved 

that Field emission scanning electron microscopy and energy - dispersive x-ray spectroscopy 

have been used to show the composition of the samples [58], [65].  
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 Fig. 5. Field Emission Scanning Electron Microscopy, FESEM investigation of; as-prepared 

CNFs (a), Functionalized CNFs, F_CNFs (b), TiO2 – anatase (c), F_CNFs/20% _TiO2 

composite (d), EDS spectrum of the F_CNFs/20% _TiO2 (e), configuration of the elements, 

F_CNFs/20% _TiO2 (f),  EDS mapping survey of F_CNFs/20% _TiO2/6%Pt (g), EDS 

mapping survey of F_CNFs/20% _TiO2/6%Au (h), and EDS mapping survey of 

F_CNFs/20% _TiO2/6%Ir (i). 
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Fig. 6. The Transmission Electron Microscopy images; F_CNFs (a), the diameter of the 

F_CNFs (b), TiO2 – anatase (c),  the size distribution of TiO2 – anatase (d), F_CNFs/20% 

_TiO2/ 6%_Pt (e), and  F_CNFs/20% _TiO2/ 6%_Au (f). 
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The electronic configurations of the elements in F_CNFs/TiO2, F_CNFs/20% _TiO2/ 6%_Pt, 

and  F_CNFs/20% _TiO2/ 6%_Au photo-catalysts were investigated by X – ray photoelectron 

spectroscopy, XPS and the results are shown in figure 7, and figure 8. Clearly, the XPS 

analysis graph in Fig. 7 (a) presents six elements, C, Ti, O, N, Pt together with Au on the 

facial of the photo-catalysts (the presence of N, lower intensity of N 1s peak in Fig. 7 (a) and 

Fig. 8 (a) could be as a result of a small contamination of ammonia solution used in the 

synthesis of F_CNFs/20% _TiO2, and the F_CNFs/20% _TiO2 – noble metals composites). In 

figure 7(b), Ti 2p spectrum of binding energy, 458.20 eV for 2p3/2 is as a result of the 

titanium TiO2 presence[66].  
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Fig. 7. X – ray photoelectron spectroscopy, XPS examination of F_CNFs/TiO2, F_CNFs/20% 

_TiO2/Pt, and F_CNFs/20% _TiO2/Au, XPS summary spectra of the composites (a), and (b) – 

(d) XPS spectra of titanium, oxygen, and carbon respectively.  
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Fig. 8. X – ray photoelectron spectroscopy, XPS examination of F_CNFs/20% _TiO2, 

F_CNFs/20% _TiO2/Pt, and F_CNFs/20% _TiO2/Au, XPS spectra of nitrogen, platinum, 

gold (a) – (c).  
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The Pt 4f spectrum of Pt particles in figure 8(b) is associated with the binding energy of Ptº 

metallic nanoparticles at 70.60 eV thereby demonstrating that Pt nanoparticles were coated 

on the F_CNFs/20% _TiO2 composites. Related studies also reported comparable findings 

[67], [68]. Further, in figure 8(b), the XPS spectrum of Pt 4f is presented. The peak which is 

located at 70.60 eV corresponds to Pt 4f implying that Pt in F_CNFs/20% _TiO2 composite is 

in the form of Ptº [69]. The presence of N, lower intensity of N 1s peak in Fig. 7 (a) and Fig. 

8 (a) could be as a result of a small contamination of ammonia solution used in the synthesis 

of F_CNFs/20% _TiO2, and the F_CNFs/20% _TiO2 – noble metals composites.  

 

In figure 7(c), the O 1s peaks positioned at 531.6 eV, 533.1 eV, and 529.7 eV are consistent 

with the adsorbed oxygen[70] whereas figure 8(a) displays the binding energy of N 1s with 

the peaks at 398.1 eV and 399.8 eV. At 398.1 eV, we find a weaker peak which can be 

assigned to Ti – N bond signifying some absorption of nitrogen atoms into the F_CNFs/TiO2 

matrix [71], [72]. The peaks located at 398.1 eV and 399.8 eV are N 1s. They hint to the 

presence of small quantities of –NH and –NH3
+ respectively in all the structures as illustrated 

in XPS analysis spectra, Fig. 7(a) and the XPS spectrum of nitrogen Fig. 8(a) [73], [74].    

The XPS analysis Fig. 7(a) identifies carbon as one of the elements present in the materials. 

The XPS peak, conforming to C 1s is clarified into 5 peaks, Fig. 7(d). The bonds, C=C which 

are positioned around 284.7 eV point to the existence of C in the CNFs or graphene materials 

[68], [75].  

The peaks positioned at 286.1 eV, 2.88 eV, and 288.7 eV are associated with C-O, C=O and 

O-C=O accordingly and moreover validates the efficient blending of the F_CNFs into the 

F_CNFs/20% _TiO2 composite and the other composite materials, Fig. 7(d) [73]. The X – ray 

photoelectron spectroscopy spectrum in Fig. 8(c) is of the F_CNFs/20% _TiO2/Au. The 4f 

(83.4 eV) peak is of Au as was also found by other similar studies [74]. 
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Table 1. Surface area (BET) analysis of the structures. 

Materials Surface 

area 

(m2g-1) 

Pore 

volume 

(cm3g-1) 

Pore 

diameter 

(nm) 

ID/IG  Reference 

TiO2- anatase 

TiO2 – rutile (dandelion) 

TiO2-P25 

F_CNFs  

F_CNFs/10% _TiO2 

F_CNFs/20% _TiO2 

F_CNFs/10% _TiO2/5%Au 

F-CNFs/20% -TiO2/6%Au 

F_CNFs/20% _TiO2/6%Pt 

F-CNFs 20%-TiO2/6%Ir 

 73 

 81 

 49 

 32 

 89 

126 

171 

  79 

341 

336 

0.079 

0.071 

  - 

0.091 

0.120 

0.273 

0.140 

0.103 

0.302 

0.309 

  5.1 

  3.2 

  - 

22.6 

  5.4 

10.7 

  3.3 

  5.3 

  3.6 

  3.7 

 

 

 

0.87  

Current work 

[76] 
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Fig. 9. (a) N2 – adsorption – desorption isotherms of TiO2-anatase, F_ CNFs/20%_TiO2, F_ 

CNFs/20%_TiO2/Pt, F_ CNFs/20%_TiO2/Au, F_ CNFs/20%_TiO2/Ir.  
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One of the benefits of incorporating CNFs intoTiO2 matrix is the improvement of the surface 

area. Thus, BET investigation was conducted to analyse the surface area and the results are 

presented in Table 1 and Fig. 9. 

 

500 1000 1500 2000 2500 3000 3500 4000

0

20

40

60

80

100

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

 TiO2- anatase(a)

 

500 1000 1500 2000 2500 3000 3500 4000

0

20

40

60

80

100

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

 F_CNFs

 F_CNFs /20%_TiO2 /Pt

 TiO2 - anatase

 F_CNFs /20%_TiO2

(b)

 

Fig. 10. The FTIR spectra; (a) TiO2 – anatase (b) F_CNFs, TiO2 – anatase and TiO2 - 

anatase/F_CNFs/Pt composites.  
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The increase in linearity of the adsorption isotherms profiles was identified in the 

corresponding pressure (P/Pº) range 0.30 to 0.85. This correlates with the mesoporous 

structure of the nanostructures [77]. The BET surface area of the photo-catalysts is in Table 

1. The process lag curves profiles in the isotherms were categorized as type IV which is in 

conformity with the International Union of Pure and Applied Chemistry (IUPAC) 

classification characterizing the nanostructures as mesopores [78]. 

The compositing of the F_CNFs of surface area, 32 m2/g with TiO2 of surface area, 73 m2/g 

resulted in the F_CNFs/TiO2 composite with surface area of 126 m2/g. This finding shows 

that the composite formed was greater in surface area than the starting materials. 

Furthermore, the pore volume of the F_CNFs/TiO2 composite was greater, Table 1. 

Therefore, the increase in the surface area of the F_CNFs/TiO2 composite is as a result of  

doping and the functionalization of the materials [44]. The TiO2 – anatase (surface area, 73 

m2/g) that was prepared by the modified hydrothermal process matched with the results of 

similar work. The addition of the precious metals also increased the surface area. 

The FTIR spectra of the F_CNFs and the composites are shown in figure 10. The dominant 

band at 1100 cm-1 is correlated with C–O stretching vibrations while the peak at 3438 cm-1 is 

the O-H stretching vibrations. The other peaks are the vibrations of aliphatic C-H groups in 

the range of 3000-2800 cm-1, 2000-1800 cm-1, 1410-1395 cm-1, and 820-790 cm-1. The 3400 

cm-1 peak is the adsorbed water molecules. The range of the peaks, 690 to 800 cm-1 and the 

broad peak further down than 1000 cm-1 are the TiO2 characteristic peaks [79]. The 3300cm-1 

peak was common in the F_CNFs/TiO2 composites, figure 10. The 3230, 2920, 1720, 1636, 

and 1330 cm-1 peaks show the presence of O-H, C-H, C=O, C=C and C-O-C accordingly. 

The peak located at 1104 cm-1 for TiO2 is Ti – O – C and is used in identifying the 

conjugation effect of the F_CNFs and TiO2 [80]. 
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Fig. 11. The spectra of the photoluminescence study of TiO
2
– anatase (A), F_CNFs (B),   

10% _TiO2/F_CNFs (C), 20% _TiO2/F_CNFs (D), 20% _TiO2/F_CNFs/Pt (E), and 20% 

_TiO2/F_CNFs/Au (F) composites. 

The investigation of the confinement, movement and transfer properties of the photo-

generated electron – hole pairs of the TiO2 – anatase and F_CNFs/TiO2 composites was 

obtained by the photoluminescence study because similar studies of photocatalysts have been 

identified and used in the study of electron – hole pairs [63], [81]. The excitation wavelength, 

350 nm was used and the obtained resultsare in figure 11. These results are in agreement with 

other similar studies [81].  

From the results in figure 11, TiO2 – anatase had greater emission peak than the 

F_CNFs/TiO2 composites. The lower intensity of the composites was because the 

recombination rate of the electron – hole pairs was reduced indicating that the F_CNFs had 

improved the separation of electron – hole pairs [53], [56], [61], [81], [82]. Hence, the bigger 

the loading of TiO2 on the F_CNFs the greater the charge separation.  
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Table 2: The Band gap (Eg) energies (eV) of the materials  

Sample  Energy (eV)  Reference  

F_CNFs/20%_TiO2 

F_CNFs/20%_TiO2/Pt 

F_CNFs/20%_TiO2/Au 

F_CNFs/20%_TiO2/Ir 

TiO2 – Degussa P25  

1.97 

1.71 

1.88 

1.71 

3.10  

Current work 

Current work 

Current work 

Current work 

[83][84][85] 

TiO2 – Anatase 3.20, 2.13 [84][86] 

TiO2 – Anatase  

TiO2 – rutile 

2.25 

3.00 

Current work 

[84] 
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Fig. 12. The energy (eV), band gap (E
g
) of TiO

2 
– anatase, F_CNFs/20% _TiO2, 

F_CNFs/20% _TiO2/Pt, F_CNFs/20% _TiO2/Au, F_CNFs/20% _TiO2/Ir composites.  
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Following the verification that compositing TiO2 with F_CNFs lowered the recombination 

rate of the charge carriers by the photoluminescence studies, Fig. 11, UV-vis DRS studies 

were conducted to investigate the response of the composites with visible light.  

The Tauc’s plot attained from UV-vis DRS spectra of the F_CNFs/TiO2 composite was not 

comparable to that of TiO2 – anatase indicating that the F_CNFs had positive impact on the 

band gap of the F_CNFs/TiO2 composite (1.97 eV), Table 2 and Fig. 12. This shows that the 

band gap energies of the F_CNFs/TiO2 were significantly lowered suggesting that the 

composites will have improved photocatalytic activity as compared to TiO2 – Anatase (3.2 

eV), table 2 [83], [86]. 

5.3.2 Photocatalytic studies 

The photocatalysts were assessed in the H2 production reaction using water. The cumulative 

H2 production analysis of the photocatalysts is in Fig. 13 (a). The assessment of the catalysts 

was based on the materials (support), loading (efficiency) and cocatalysts used in the study. 

Thus, the first category consists of TiO2 - anatase and TiO2 – P25. The second category is the 

loading of TiO2 on the functionalized CNFs (F_CNFs) thereby attaining F_CNFs/10% _TiO2 

and F_CNFs/20% _TiO2. In the third category of photocatalysts, we have the support; 

F_CNFs/TiO2 – composited with Pt, Au or Ir with the noble metal loading of 1%, 5%, and 

6%. In general, F_CNFs/20% _TiO2/6%Pt was established as the most active photocatalyst. It 

generated about 62 times more H2 as compared to the second group of photocatalysts in this 

study, F_CNFs/20% _TiO2. Moreover, F_CNFs/20% _TiO2/6%Pt produced more H2 than the 

commercial TiO2 (TiO2 – P25), Table 3 and Fig. 13.  
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Table 3: Outline of the photocatalytic activity of photocatalysts for water splitting 

 Photocatalyst Reactant  

& 

sacrificial 

agents 

Parameter 

(Light source) 

Activity 

(H2 evolution) 

 

Ref 

Cu/TiO2 nanorods Methanol, 

 20 vol % 

300 W 

Xe lamp 

1023.8 μmol g-1 h-1  [87] 

Rh-Nb/TiO2 NRs Methanol, 

 10 vol % 

300 W 

Xe lamp  

7850 μmol g-1 h-1 [88] 

rGO/TiO2 Methanol  300 W 

Xe lamp  

149 μmol g-1 h-1  [89] 

3 wt% Ni-TiO2/CdS Ethanol,  

25 wt% 

300 W 

Xe lamp, 420 

cut off filter 

33.63 μmol /g-cat-1 

h-1 

[90] 

Ru/CdS-ZnS Formic 

acid, 

methanol, 

ethanol 

300 W 

Xe lamp  

266 mmol/m2 h [91] 

Au/TiO2 Ethanol 4 UV-LED 

lights, 12 W 

each 

15.8 μmol /min g-

cat. 

[92] 

SiFe co doped TiO2 

 

540 ml 

distilled 

H2O, 60 

ml ethanol 

500 W 320 μmol g-1 h-1 [93] 



 

 

183 

 

GaN:ZnO 

(Mn3O4.Rh/Cr2O3 

Distilled 

H2O 

NaI 

 20 μmol g-1 h-1 

  

[93] 

 F_CNFs/20%_TiO2 

 

 

Distilled 

H2O 

450 W Xe 

lamp 

0.00720 mol g-1 h-1     

 

Current 

work 

TiO2  

 

Distilled 

H2O 10% 

methanol 

300 W Xe 

lamp 

42.00 μmol g-1 h-1 

 

[93][94] 

F_CNFs/20%_TiO2/6%Pt Distilled 

H2O 

 

450 W Xe 

lamp 

0.45 mol g-1 h-1 Current 

work 

F_CNFs/10%_TiO2/5%Au 

 

Distilled 

H2O  

 

450 W Xe 

lamp 

0.28 mol g-1 h-1  Current 

work  

F_CNFs/20%_TiO2/1%Ir 

 

Distilled 

H2O  

 

450 W Xe 

lamp 

0.21 mol g-1 h-1  Current 

work  

 TiO2 – P25 Distilled 

H2O 

450 W Xe 

lamp 

0.000126 mol g-1 h-1  

  

Current 

work 

 TiO2 - anatase 

  

Distilled 

H2O 

 

450 W Xe 

lamp 

0.000119 mol g-1 h-1  

  

Current 

work 
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Fig. 13. The H2 produced in 6 h of reaction (moles of H2 per gram of the support, 

F_CNFs/TiO2) for the photocatalysts, F_CNFs/20% _TiO2, F_CNFs/20% _TiO2/6%Pt, 

F_CNFs/10% _TiO2/5%Au, F_CNFs/20% _TiO2/1%Ir (b) The H2 production rate (mol/g-

cat.h) of the photocatalysts: F_CNFs/20% _TiO2/5%Au, F_CNFs/10% _TiO2/6%Au, 

F_CNFs/20% _TiO2/1%Pt, F_CNFs/20% _TiO2/1%Ir, F_CNFs/10% _TiO2/1%Au, 

F_CNFs/10% _TiO2/5%Au, and F_CNFs/20% _TiO2/6%Pt (the arrangement of the 

photocatalysts is for easy interpretation of the data). 
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The most active structure, F_CNFs/20% _TiO2/6%Pt, had a loading of 20% by weight of 

TiO2 coated on the surface of  the F_CNFs as evidenced by the Field Emission Scanning 

Electron Microscopy Fig. 5(d) and (g) and the Transmission Electron Microscopy image in 

Fig. 6(e). In addition, the catalyst was assessed in a reaction for 6 h, and produced no signs of 

deactivation but increased H2 production as shown in Fig. 14. 

The increament produced by TiO2 – carbon structures when compared to pure TiO2 (TiO2 – 

anatase and TiO2 – P25) has come about because of the increase in the surface area and 

reduction in the recombination rate of the charged pairs, the electron – hole recombination 

[95]. Leary and Westwood studies and others also compared TiO2 – carbon structures used as 

photocatalysts to a pure TiO2 photocatalyst under similar experimental environment such as 

mass [95] as it was also done in this research. Table 3, further confirms the findings.  
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Fig. 14. Effect of stability of the photocatalyst, F_CNFs/20% _TiO2/6%_Pt, and 

F_CNFs/20%_TiO2/R - 6%_Pt, XRD spectra. 
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Several studies have been performed on TiO2/C composites for the production of hydrogen 

[96]–[99]. However, comparison of the results has been  a challenge because factors such as 

the quantity of TiO2, the sacrificial agents (organic and/or inorganic) used and their 

concentrations, the source and intensity of power used among others are hindering the 

comparison of the results [100]–[102]. Thus, its conceivably more appropriate to compare the 

results simultaneously with the experimental conditions and further incorporate a standard 

catalyst, such as commercial TiO2 (TiO2 – P25), as a reference catalyst [96]. In this research, 

the hydrogen produced when F_CNFs/20% _TiO2/6%Pt photocatalyst was used is about 100 

fold the amount produced by TiO2 - P25. Another observation was that the as-synthesized 

TiO2 – anatase and P25 produced more or less the same amount of hydrogen, Fig. 13. These 

results and the comparisons evidence the importance of incorporating appropriate controls in 

the synthesis and photocatalysis. 

The proposed schematic diagram of synergies of CNFs/Pt/Au/Ir nanocomposites in regard to 

efficient photocatalytic activity of TiO2 for H2 evolution is presented in Fig. 15. 

    

Fig. 15. The schematic illustration of synergies of F_CNFs/Pt/Au/Ir nanocomposites towards 

efficient photocatalytic activity of TiO2 for H2 evolution. 



 

 

187 

 

5.4 CONCLUSION 

There were different F_CNFs/TiO2 composites synthesized in this study. They included 

F_CNFs/10% _TiO2, F_CNFs/20% _TiO2, F_CNFs/20% _TiO2 – metal composites. The 

incorporation of the F_CNFs into the titania structure increased the BET surface area of the 

TiO2 from 73 m2g-1 to 126 m2g-1, F_CNFs/20% _TiO2. Moreover, the Brunauer – Emmett – 

Teller, BET surface area basically increased with the noble metal inclusion and it was 

confirmed that the F_CNFs/20% _TiO2/6%Pt structure had the greatest surface area of 341 

m2g-1. The pore volume of the materials further increased but the pore diameter of the 

composites lessened. This observation indicates that the noble metals and CNFs can 

effectively tune the morphology of TiO2 for greater surface area, larger pore volume, and 

lower pore diameters and therefore increase the photocatalytic properties of the TiO2/C – 

noble metal photocatalysts. The Raman, FTIR, FESEM techniques revealed a very 

homogeneous distribution of TiO2 nanoparticles on the F_CNFs. The XPS analysis verified 

the existence of all the elements as Ti, O, C, N, Pt as well as Au and their corresponding 

electronic configurations (chemical states). This was important for understanding the 

mechanism of photocatalytic water splitting with particular interest on the cocatalysts (Pt and 

Au) as their chemical structures, surface area, quantities, chemical states, morphology, 

particle sizes, functional groups play important roles in photocatalytic water splitting 

processes. All the carbon containing samples had a change in wavelengths after UV-Vis light 

absorption to the visible region of the electromagnetic spectrum (TiO2 – 3.20 eV to 1.71 eV – 

F_CNFs/20% _TiO2/6%Pt, F_CNFs/20% _TiO2/1%Ir). 

The photocatalysts were tested for hydrogen evolution using water, and the most active 

photocatalyst, F_CNFs/20% _TiO2/6%Pt had greater activity, 0.45 mol g-1 h-1 as compared to 

TiO2 – P25, the commercial TiO2 (0.000126 mol g-1 h-1).  Furthermore, the photocatalyst, 

F_CNFs/20% _TiO2/6%Pt was stable even after 6 h use and therefore can be used for longer 
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periods or recycled for economic purposes. The outcome of this study evidence the important 

role of compositing titania with CNFs and decorating the composites with small quantities 

(1%, - 6%) of noble metals as cocatalysts for effective photocatalytic water splitting. 
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APPENDIX I.  SUPPLEMENTARY DATA 

XPS data 
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NA14 

Elemental ID and Quantification 

Name  Peak BE Atomic % 

C 1s 284.3 72.4 

O 1s 530.3 20.0 

Ti 2p 458.1 5.3 

N 1s 398.9 1.7 

Pt 4f7 70.7 0.6 
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NA14 

Chemical ID and Quantification 

Name  Peak BE FWHM eV Atomic % 

Pt4f (Pt) 70.6 1.5 0.6 

C1s (C-C) sp2 283.9 1.2 29.0 

C1s (C-C) sp3 284.7 1.2 32.2 

C1s (C-O) 286.1 1.2 5.9 

C1s (C=O) 288.0 1.2 1.5 

C1s (O-C=O) 288.7 1.2 2.8 

N1s (Cyanides; Azide) 398.1 1.9 1.0 

N1s (Cyanides; Organic N) 399.8 1.9 1.0 

Ti2p (TiO2) 458.2 1.3 5.6 

O1s (Metal Oxide) 529.7 1.4 11.0 

O1s (C-O) 531.6 1.4 5.5 

O1s (C=O) 533.1 1.4 3.8 
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NA20 

Elemental ID and Quantification 

Name  Peak BE Atomic % 

C 1s 284.4 68.9 

O 1s 530.8 23.7 

Ti 2p 458.2 5.5 

N 1s 399.2 1.9 

Au 4f 84.1 0.1 
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NA20 

Chemical ID and Quantification 

Name  Peak BE FWHM eV Atomic % 

Au4f (Au) 83.4 1.1 0.1 

C1s (C-C) sp2 284.2 1.3 24.3 

C1s (C-C) sp3 284.6 1.3 31.8 

C1s (C-O) 286.1 1.2 6.4 

C1s (C=O) 288.0 1.2 2.8 

C1s (O-C=O) 288.7 1.2 2.9 

N1s (Cyanides; Azide) 398.6 1.9 0.7 

N1s (Cyanides; Organic N) 399.7 1.9 1.1 

Ti2p (TiO2) 458.2 1.2 5.9 

O1s (Metal Oxide) 529.8 1.4 11.6 

O1s (C-O) 531.5 1.4 7.7 

O1s (C=O) 533.0 1.4 4.7 
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NA25 

Elemental ID and Quantification 

Name  Peak BE Atomic % 

C 1s 284.4 62.3 

O 1s 530.4 27.0 

Ti 2p 458.2 7.7 

N 1s 399.2 2.7 

Cl 2p 198.7 0.2 
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NA25 

Chemical ID and Quantification 

Name  Peak BE FWHM eV Atomic % 

Cl2p (Chloride) 199.2 1.5 0.2 

C1s (C-C) sp2 284.2 1.3 33.6 

C1s (C-C) sp3 284.9 1.3 17.4 

C1s (C-O) 286.2 1.3 5.6 

C1s (C=O) 288.0 1.3 2.7 

C1s (O-C=O) 288.7 1.3 2.2 

N1s (Cyanides; Azide) 398.5 1.7 1.1 

N1s (Cyanides; Organic N) 399.8 1.7 1.6 

Ti2p (TiO2; TiCl4) 458.3 1.2 8.3 

O1s (Metal Oxide) 529.9 1.4 16.0 

O1s (C-O) 531.5 1.4 7.7 

O1s (C=O) 533.0 1.4 3.6 
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APPENDIX II. SUPPLEMENTARY DATA 

 

EDS spectrum 

 

 

 

Fig. 1. EDS spectrum of the F_CNFs/20% TiO2 composite.  

EDS scanning detected that the sample consisted of Ti, C, O, Au, Al and Pd, Fig. 1. The Al, 

Au and Pd, peaks were a result of mounting the sample on an aluminium pin stub and the 

coating of the sample with a single layer of Au-Pd. Therefore, the sample consisted mostly of 

Ti, C and O.  
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Fig. 2. Field emission scanning electron microscopy, FESEM investigation of; as-prepared 

CNFs  
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Fig. 3. Field Emission Scanning Electron Microscopy, FESEM investigation of; 

Functionalized CNFs, F_CNFs 
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Abstract 

Photocatalytic water splitting using solar radiation has drawn considerable attention for 

production of hydrogen because of minimal carbon emissions, however huge limitations that 

still exist are low light harnessing catalysts and high recombination rate of the photo-

generated charge carriers. This study focuses on the fabrication of nanomaterials for 

advanced photocatalytic water splitting as a result, structures of TiO2/CNFs, Cu/TiO2/CNFs, 

and Zn/ TiO2/CNFs nanocomposites of mesoporous nature were synthesized using CNFs and 
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surfactant wrapping sol-gel/hydrothermal method. Impregnation technique was used in 

copper and zinc loading while characterization of the synthesized catalysts was achieved by 

XRD, Raman, FESEM, TEM, UV/DRS, BET, FTIR, XPS, and PL techniques. Water splitting 

was performed by UV light irradiation and the effect of compositing TiO2/CNFs-

Cu/Zn evaluated. 10%_TiO2/CNFs/5%Zn composite was the most efficient photocatalyst for 

hydrogen production when compared with the rest of the samples. 10%_TiO2/CNFs/5%Zn, 

0.53 mol (h g cat.)-1, was 90-100 folds the amount generated over commercial TiO2 - P25, 

and pure TiO2 photocatalysts. The improved photo-activity of the TiO2/CNFs, Cu/TiO2/CNFs, 

and Zn/ TiO2/CNFs composites were due to the synergistic effect between Cu, Zn and 

CNFs. This work gives promising route for fabricating TiO2/CNFs/metal (Cu, Zn) composites 

for advanced H2 production using UV- radiation.   

Keywords: Carbon nanofibers, Zn – doped TiO2, Cu – doped TiO2, H2 production, 

Photocatalytic water splitting. 

 

6.1 Introduction 

The principal supplier of power with vast recognition in the contemporary research 

advancement process is hydrogen. It has been realized that hydrogen is clean, 

environmentally-friendly, and can be generated from sustainable reserves via simple catalytic 

processes[1]. Currently, hydrogen is mostly sourced from steam reforming of fossil gas and 

crude oil which release carbon dioxide, CO2 and other greenhouse gases. These processes can 

have irreversible or temporary detrimental impact on the environment[2], [3]. It is easy to 

benefit from sun energy as a sustainable power, plentiful supplies like water, and bio-

degradable wastes, and a photocatalyst in water splitting photocatalysis for hydrogen 

production. The technology has received enormous attractions from all over the world 
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because it is environmentally-friendly and has renewable resources such as solar energy[2], 

[4]. However, even 5 decades following the achievement of Fujishima and Honda, the 

innovation has not achieved maximum industrial application. At present, solar hydrogen 

efficiency is approximately 10%[5]. Various exhaustive investigations are energy gap, 

effective surface, weather condition based. These factors affect the photocatalytic water 

splitting results[6]. Therefore, the analysis involved in the methodology and the fabrication of 

effective photocatalytic materials for hydrogen production is of great importance. 

One of the semiconductors, TiO2 has been broadly explored because of its many benefits like 

greater photo-chemical resistance, non-poisonous, availability in nature, low cost and 

resistance to light deterioration[7], [8]. There exist numerous techniques to improve the 

characteristics of TiO2 in order to optimize its effectiveness in hydrogen production. The d-

block elements used as cocatalysts appear to be the most efficient ones. Generally, its 

accepted that precious metals can act as electron scavengers producing a retarded re-joining 

rate of electron- hole pairs[9]. The drawbacks of precious metals are their values and 

availability. Nonetheless, one will find transition metals such as Zn, Cu and Ni which are 

comparatively cheaper and simultaneously efficient. For instance, compositing TiO2 and Zn, 

Cu or Ni nanoparticles[10]–[12]. Lately, high hydrogen production has been reported for 

other photocatalysts such as two-dimensional (2D) few- layered MoSe2 coated on CdS 

quantum rods[13]. Biochar-supported photocatalytic system[14], also, bi-functional 

photocatalysts have been developed such as hetero-phase Mo2C – CoO@N – CNFs film[15]. 

Mostly, the existence of Ni, and other d-block elements, held steady the anatase against phase 

transformation, lowers the particle size and therefore increases the total area of the external 

surface of the photocatalyst, extends the lifetime of electrons and holes pairs, and promotes 

the absorption of visible light[16]. Additionally, carbon materials have attracted enormous 

interest as a result of their unique characteristics and as low cost compounds[17], [18]. 
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Studies have further revealed that compositing TiO2 with carbon nano-materials improves the 

photocatalytic quantum yield of TiO2[19]–[23]. The inclusion of carbon nano- materials 

establishes defects on the surface that serve as active sites for electrons hence reducing the 

electron and hole recombination rate. This has been reported to be accurate in numerous TiO2 

and carbon nano material structures. For illustrations, Wang et al. reported integrating carbon 

into TiO2 hollow spheres (carbon@TiO2) and realized an improved photocatalytic activity 

towards the reduction of CO2 relative to pure TiO2[24]. In related study, He et al. covered 

carbon with mesoporous TiO2. They realized that the structure was an effective photocatalyst 

in the reduction of nitrous oxide, relative to TiO2 alone[24]. Carbon nanofibers were coated 

with TiO2 nanoparticles using electro-spinning. These types of structures have been reported 

to have more potent photocatalysts in removal of congo red in water as compared to TiO2 – 

P25[19]. Many attempts have been made to institute dopants to enhance the optical 

absorption of TiO2. For instance, Zhang et al. established that 12.5% copper – doped anatase 

- TiO2 indicated a broader absorption peak than pure TiO2 - anatase[25]. 

An alternative approach to quantum yield enhancement is via the formation of a 

semiconductor – metal intersection; known as the a Schottky barrier which is defined as a 

charge separation in space[23]. At the semiconductor – metal intersection, electrons flow 

from the structure with a higher energy level to the structure with a lower energy level 

therefore achieving charge (electron – hole pair) separation. This concept is normally realized 

in the intersection of d-block elements, particularly the rare-earth metals and an n-type 

semiconductor such as TiO2, through which an electron would transfer from the 

semiconductor to the metal. CNFs can be tailored to possess metallic properties like precious 

metals, by which the CNFs may function as sinks for electrons because of their large electron 

storage capacity.  
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Water splitting on a particulate photocatalyst is presented in Fig. 1. Step 1, the absorption of 

photon energy by the photocatalyst. Step 2, the photogenerated carriers (pairs) segregate and 

move to the surface of the photocatalyst without reunion, and step 3, the adsorbed species 

undergo reduction and oxidation with the photogenerated electrons and holes to produce H2 

and O2 separately.  

 

 

Fig. 1. Illustrative representation of the basic photocatalytic steps for a particulate 

photocatalyst: (1) Photon absorption and generation of the charge pairs (2) Migration of the 

electrons – holes to the surface; (3) The production H2 and O2 resulting from the 

photogenerated charge pairs[26]. 

Steps one and two are based on the structural and electronic characteristics of the particulate 

photocatalyst. Normally high crystallinity has a positive impact on activity, since the density 
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of defects, which serve as active centres between photogenerated electrons and holes decline 

with high crystallinity[27]–[29]. Also, the improvement in photocatalytic efficiency can be 

achieved by reducing the particle size of the photocatalyst, since it leads to the shortening of 

diffusion length of photogenerated electron – hole pairs. The reduction and oxidation 

reactions on the surface of the photocatalyst are reported below[30]. 

Oxidation: H2O + 2h+ →  2H+ + 
1

2
 O2                   (1) 

Reduction: 2H+ + 2℮¯ → H2                                (2) 

Overall reaction: H2O + 1.23 eV → H2 + 
1

2
 O2     (3) 

The process of water splitting is greatly energy-absorbing and needs Gibb’s free energy of 

1.23 eV per electron. The energy gap of 1.23 eV corresponds to light with a wavelength of 

1008 nm. Therefore, the photocatalyst must have energy gap of 1.23 eV or more or-else the 

electrons will not have enough energy to initiate the reaction. Practically, the limit should be 

1.6 eV to 1.8 eV because of some over-potentials[30]. 

In this study, we pay attention to the role of support, CNFs and cocatalysts, Cu and Zn in the 

semiconductor – based photocatalysts and illustrate the synergetic effect of the support and 

cocatalysts loading for reduction and oxidation reactions which lead to improved overall 

water splitting. A modified surfactant wrapping sol – gel / hydrothermal process was adopted 

to composite the TiO2 with CNFs. 

 

6.2 Experimental 

6.2.1 Materials 

Zinc chloride, Reagent grade, ≥ 98%, ethanol (99.9%), ammonium solution (25%), copper 

(II) nitrate trihydrate, Cu(NO3)2.3H2O (99%), potassium hydroxide, anhydrous, KOH, ≥ 
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99.95% trace metals basis and nitric acid, HNO3 (55%), titanium butoxide, butanol all were 

bought from Sigma – Aldrich while hydrogen, argon and acetylene gas were purchased from 

Afrox. Part of the experiment used distilled and deionized water. 

 

6.2.2 Synthesis of copper oxide Nanoparticles and carbon nano-fibers, CNFs 

Copper oxide nanoparticles, CuONPs were prepared from 0.05M solution of copper nitrate, 

Cu(NO3)2.3H2O with the addition of 0.05M potassium hydroxide that was followed by a 12 h 

vigorous stirring. Black particles formed, and deionized water was used to clean them to 

neutrality, dried in the oven overnight at 80 ℃ and characterized by PXRD, Raman, HR-

SEM, FTIR, and TGA. 

CuONPs were used to synthesize CNFs at 300 ℃ in a tube heater using chemical vapour 

deposition, CVD technique[31]. The synthesis method of CNFs employs the breaking down 

of acetylene, C2H2 in a tubular quartz reactor, placed horizontally in a heater. The heater was 

electronically controlled by setting the heating rate, reaction temperature, and gas flow rates. 

0.1g of CuONPs was packed into a quartz boat, 120 mm by 15 mm at room temperature and 

the boat placed at the centre of the quartz tube. The heating was at 10 ℃ min-1 with hydrogen 

gas, H2 flowing over the CuONPs at 50 mL min-1. Upon attaining heating of 300 ℃, the H2 

flow was retained for 30 minutes before introducing C2H2 at a constant flow rate of 50 

mL/min. 30 minutes later, the C2H2 flow was ceased, and the furnace was allowed to cool 

down to room temperature under H2 gas flow. The quartz boat was later removed from the 

reactor and the product, carbon deposit formed along with the catalyst weighed. The CNFs 

were washed with concentrated nitric acid, HNO3 to remove the residues of the CuO NPs and 

to functionalize them. 55% HNO3 was added to the CNFs in a flask before refluxing for 2 h 
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at 110 ℃. The resultant suspension was cooled to 25 ℃, filtered and cleaned to neutrality with 

distilled water. The cleaned CNFs were filtered before drying for 12 h in an oven at 80 ℃. 

 

6.2.3 Preparation of the support materials, TiO2 and TiO2/CNFs composite 

The composite of the particulate photocatalyst, titanium dioxide-anatase and carbon 

nanofibers was prepared by a surfactant wrapping sol-gel/hydrothermal process which was 

modified from a surfactant wrapping sol-gel approach formerly outlined by Deng et al[32], 

and Hamid et al[33]. In this study, a fixed amount of the purified CNFs was discharged in 25 

ml butanol and homogenized for 30 minutes in a sonicator. A known amount of titanium 

butoxide which had been previously dispersed separately for 30 minutes in butanol (5 mL) 

was introduced in drops and with vigorous stirring to the CNFs suspension. For complete 

hydrolysis of the titanium butoxide, ammonium solution (25%, 1 ml) was introduced to the 

mixture, set up in an autoclave, treated at 120ºC as shown in Fig. 2. The obtained product 

centrifuged and cleaned with ethanol, deionized water and finally dried at 80ºC, 24 h in an 

oven. Calcination conditions were 400ºC and 4 h. Loadings; 10% and 20% of TiO2 on CNFs, 

identified as 10% TiO2/CNFs and 20% TiO2/CNFs respectively. The same approach was 

replicated without CNFs to prepare TiO2 – anatase which was one of the controls in this study 

and identified as TiO2 – A.  
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Fig. 2. Simplified route used in the synthesis of TiO2/CNFs structures. 

 

6.2.4 Preparation of Cu, and Zn -TiO2/CNFs composites by impregnation method 

Impregnation method with modification was used for Cu, and Zn incorporation in the TiO2-

A/CNFs composites supports. This method enabled the metals to be dispersed on the surface 

of the supports (10% TiO2-A/CNFs, 20% TiO2-A/CNFs)[34], [35]. In the first place, a known 

amount of each non - precious metal precursor and 10% TiO2-A/CNFs, 20% TiO2-A/CNFs 

were sonicated for 45 minutes. The mixture was then calcined under Ar at 350 ºC for 2 hours 

to remove undesirable residues[36], [37]. 
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6.2.5 Catalyst characterization 

Different technologies were used to identify the synthesized CuONPs, CNFs, TiO2-A, TiO2-

A/CNFs, the metal - TiO2-A/CNFs structures. Morphologies of the TiO2-A, CNFs, TiO2-

A/CNFs and the metal - TiO2-A/CNFs composites were investigated by HRSEM analysis 

(ZEISS Sigma 300 VP from M/S ZEISS ‘Smart SEM’ OXFORD INSTRUMENTS x-act 

PentaFET Precision and ‘Oxford INCA’, United Kingdom. The same samples were analysed 

by X-ray diffraction (XRD) using a Brucker D2 phaser fitted with Cu – Kα radiation (λ = 

1.5405 Å), operating at 30 kV (Voltage) and 10 mA, (Current). A Perkin Elmer TA TGA 

Q500 was used to explore the thermal stability of the samples, thermogravimetric analysis 

(TGA). At least 10 mg of the sample was heated up to 900 ℃ at a heating rate of 10 ℃ min_1 

under air. In probing the size and shape of the samples, Transmission Electron Microscopy 

(TEM) utilizing a FEI Technai G2 Spirit electron microscope, 120 kV was used. Particles size 

distribution was investigated by ImageJ software in which at least 100 particles were 

computed for each sample. Fourier Transform Infrared, FT- IR Spectroscopy, mounted with a 

Bruker Tensor 27 FT – IR spectrometer (4000 – 500 cm-1) was used to identify the functional 

groups present in the samples. The optical attributes of the samples were analysed by a Varian 

Cary Eclipse EL0410 3870 photoluminescence/ fluorescence Spectrophotometer and a 

SPECORD 210 plus UV – Vis Spectrophotometer. For the determination of the specific 

surface, N2 physisorption (Micromeritics – 2000 Tri - star analyser) was used. Prior to the 

analysis of the samples, 0.2 g was degassed for 6 h at 150 ℃ concealed by a N2 flow using a 

Micromeritics flow Prep 060. Measurements of XPS were carried out by a Thermo Scientific 

ESCALAB 250Xi spectrometer with a monochromatic Al Kα source (1486.7 eV). 
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6.2.6 Catalytic activity using particulate photocatalysts in water splitting 

The hydrogen evolution experiments were conducted in a submersion type reactor, Lelesil 

Innovative Systems, Thane, India, Fig. 3, reported by Walls et al[38] using a 450 W UV lamp.  

 

Fig. 3.  (a) Diagrammatic (b) Pictorial; water splitting reactor. 

In this work, 1g of the photocatalyst, was stirred in 1 L of water (15 minutes) before radiating 

the sample with the UV lamp at room temperature, 25ºC for 6 h under argon gas and with 

stirring. The system was stirred at 1000 rpm from the start of the experiment to the end of the 

reaction, 6 h. The system was flushed with argon until no peaks were detected on the online 

GC (thermal conductivity detector, TCD) from the start of the reaction and was held 

throughout the reaction under a flow rate of 80 ml min-1. 

 

 6.3 Results and Discussions 

6.3.1 Materials characterization 

TiO2 – anatase and TiO2/CNFs composites were analysed by PXRD. Fig. 4. Indicates the 

characteristic peaks. The characteristic peaks of the CNFs were not observed clearly on the 
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PXRD patterns of the TiO2/CNFs composites in the studied range due to (i) overlap of the 

intense (101) TiO2 – anatase reflection with (002) reflection of the CNFs, (ii) greater 

scattering from TiO2 – anatase, and (iii) the large difference in mass of TiO2 – anatase as 

compared to the mass of CNFs in the TiO2/CNFs composites[39], [40]. Having pure 

photocatalyst and water, photocatalytic hydrogen evolution is possible because the 

photoelectrical characteristics of the photocatalyst are influenced by their crystallinity[41]. 
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Fig. 4. PXRD range of titanium dioxide (anatase) and the composites.   

Raman scattering effect was used to study the graphiticity of the CNFs. The D-band at 1384 

cm-1 is a defects identification on the F_CNFs, and at 1590 cm-1 (G-band) is C-C stretching 

of the F_CNFs, Fig. 5 (a).  
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Fig. 5. Raman spectra of (a) F_CNFs (b) TiO2 – A and TiO2/F_CNFs composites. 
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Also, it was used in confirming the TiO2 – A presence in the TiO2/CNFs composites and to 

study the effect of doping TiO2 with CNFs and non - precious metals, Cu and Zn in relation 

to crystallinity, Fig. 5(b). The Raman spectrum in Fig. 5 has four well defined peaks at 

Raman shift 144, 397, 517, and 640 cm-1 and are listed (Eg), (B1g), (A1g), and (Eg), 

accordingly[42], [43]. 

The four modes were also obtained on the spectra of the composites, thereby confirming the 

presence of TiO2 – A in the composites.  

One of the significant observation was that the most intense TiO2 peak (Eg) for all the 

composites was blue shifted besides being broader as compared to the TiO2 – anatase 

(unbound) (142 to 144 cm-1). The positions and broadening of Raman peaks is a 

characteristic of the nanomaterials and studies show that its associated with the size and 

defects in the nanomaterial, the experimental conditions such as temperature and the laser –

induced local heating effect on the material under investigation[42]–[44]. Considering that all 

the laser Raman analyses in this work were carried out under the same experimental 

conditions, then the blue shifting and broadening of the peaks resulted from phonon 

confinement or surface pressure[24]. Furthermore, other related studies have reported similar 

observations, composites of titanium nanotubes and graphene oxide. The effect was proposed 

to be an indicative of the existence of strong chemical interactions between TiO2 and 

CNFs[45]. Chemical interactions between TiO2 and CNFs was expected as it helps in 

increasing charge separation in the TiO2/CNFs composites, thus this effect is an indication 

that the composites photocatalytic ability was enhanced. The results of Raman spectroscopy 

signify the successful chemical interaction between TiO2, CNFs and Cu, Zn in the non - 

precious metal – TiO2 /CNFs heterojunctions.  
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The 3D morphological and structural properties of TiO2 – A, CNFs, TiO2/CNFs and 

TiO2/CNFs – noble metal composites were studied using SEM and TEM, Fig. 5 and 6. The 

CNFs were examined to be fiber-like while TiO2 – A was granular (consisting of small 

particles), TiO2/CNFs and TiO2/CNFs- noble metal composites were feathery in morphology, 

figures 5. 

The CNFs were purified to eliminate the effect that the CuONPs (used in the synthesis of the 

CNFs) would feasibly have on the impact of the CNFs on the photocatalytic properties of 

TiO2 which is under study. The FESEM analysis of the as-synthesized and purified CNFs, 

Fig. 5 show that the presence of traces of CuONPs were reduced to below observable limits. 

This shows that the CuONPs were effectively removed from the CNFs structures and that 

they are soluble in 55% HNO3. The purified (functionalized) CNFs were fibrous in nature 

and the fibers were helical as shown by the TEM image Fig. 7. It was also the same 

observation with CNFs morphology, FESEM analysis, Fig 6. The CNFs were slender in 

diameter averaging 132 nm, but varying between 115 and 140 nm and conforms to similar 

studies on CNFs[46]. 

TiO2 – anatase which was synthesized had granular nanoparticles Fig. 7(c) and Fig. 6 (c - d). 

The average particle size was 9.5 nm and ranged between 2.0 - 20 nm. All the CNFs were 

uniformly and totally covered with TiO2 nanoparticles Fig. 6. The FESEM analysis further 

revealed that the TiO2 nanoparticles were lodged onto the surface of the CNFs. In other 

studies, where TiO2 are composited with CNFs, Gao et al also found out that doping TiO2 

and  
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Fig. 6. FESEM analysis of (a) as-synthesized CNFs (b) Purified CNFs (c) TiO2 – A (d) 20% 

TiO2/CNFs composite (e) EDX spectrum of 20% TiO2/CNFs composite (f) Composition of 

the elements (20%TiO2/CNFs) (g) EDX mapping analysis of Zn – 20%TiO2/CNFs composite 

(h) EDX mapping analysis of Cu – 20%TiO2/CNFs composite. 
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Fig. 7. TEM images of (a) CNFs (b) The distribution diagram of the diameter of the CNFs (c) 

TiO2 – A (d) Particle size distribution of TiO2 – A (e) 6%_Zn (2μm) - (f) 6%_Cu (HR-TEM) - 

20%_TiO2/CNFs. 
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CNFs by surfactant wrapping sol-gel method produced homogeneously covered CNTs with 

TiO2 nanoparticles[47]. 

In this study, when the surfactant wrapping sol-gel method was modified hydrothermally, a 

fully coated CNFs were obtained. 

The total covering of CNFs presented an impression that chemical interactions existed between 

the TiO2 and CNFs. Adjacent closeness contact, resulting in chemical interaction between TiO2 

and CNFs had been identified to be the source of electron transfer in similar composites thus 

giving rise to separation of the charges (electron-hole separation)[48]–[50]. 
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Fig. 8. XPS analysis of TiO2/CNFs, 20%TiO2/CNFs/Pt, and 20%TiO2/CNFs/Au (a) XPS 

survey spectra of the composites (b) XPS spectrum of titanium, (c) XPS spectrum of oxygen, 

(d) XPS spectrum of carbon.  
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Fig. 9. XPS analysis of 20%TiO2/CNFs, 20%TiO2/CNFs/Pt, and 20%TiO2/CNFs/Au (a) XPS 

spectrum of nitrogen, (b) XPS spectrum of copper, and (c) XPS spectrum of zinc.  
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Related studies have noted that most of the physical and chemical properties of TiO2/CNFs 

composites are based on the interaction between CNFs and TiO2 which successively rely 

upon preparation processes [47]. Additionally, clustering metal-particles provided proof that 

the CNFs contributed in the accumulation of the TiO2 during the hydrolysis process[47].  

The FESEM analysis, Fig. 6 and EDS scanning confirmed that the samples consisted of Ti, C 

and O (support materials) and the photocatalysts were doped with the non -precious metals, 

Zn and Cu. This is a confirmation that the CuONPs that was used in the preparation of the 

CNFs was effectively removed. Other studies have also shown that SEM-EDS can be used to 

show the elemental distribution in the samples[24], [51]. 

The chemical states of the elements in TiO2/CNFs, Zn - doped TiO2/CNFs, and Cu – doped 

TiO2/CNFs catalysts were analysed using X – ray photoelectron spectroscopy, XPS and the 

results are presented in Fig. 8 and Fig. 9. It is visible from the XPS survey graph in Fig. 8(a) 

that there are six elements, Ti, O, C, N, F, Cl, Zn, and Cu on the surface of the catalysts. The 

Ti 2p spectrum in Fig. 8(b) with binding energy, 458.20 eV for 2p3/2 attributes to the 

existence of titanium TiO2[52]. 

The XPS spectrum in Fig. 9 is for Zn 2p. The XPS peak in Zn 2p at 1022 eV is similar to 

what has been reported for Zn 2p3/2, ZnO hence it is associated with Zn2+[53]–[56]. This 

illustrates that Zn nanoparticles were deposited on the 20% TiO2/CNFs composites. The 

results signal little impurities of F 1s and Cl 2p (possible impurities from the ZnCl2, 98% – 

reagent grade not analytical used in the synthesis) in Fig. 8(a). Also, a little contaminant of 

ammonium solution (lower intensity of N 1s peak in Fig. 8(a)) and Fig. 9(a) used in the 

synthesis of 20% TiO2/CNFs and the 20% TiO2/CNFs – non precious metals composites.  
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Fig. 8(c) shows that O 1s peaks which are located at 531.6 eV, 533.1 eV, and 529.7 eV 

correspond to the adsorbed oxygen[57] while Fig. 9(a) displays the binding energy of N 1s 

which is located at 398.1 eV and 399.8 eV. The weaker peak positioned at 398.1 eV can be 

assigned to the Ti – N bond which shows that nitrogen atoms have been absorbed into the 

lattice of TiO2/CNFs composites[58], [59]. The N 1s peaks 398.1 eV and 399.8 eV point to 

the presence of –NH and –NH3
+ respectively in all the composites as shown in the XPS 

survey spectra in Fig. 8(a) and Fig. 9(a)[60], [61].    

One of the elements shown in XPS survey Fig. 8(a) is carbon. In Fig. 8(d) the XPS peak 

corresponding to C 1s is simplified into 5 peaks. The C=C bonds located in the region 284.7 

eV correspond to C in CNFs or graphene structures[62], [63]. The peaks 286.1 eV, 2.88 eV, 

and 288.7 eV are related to C-O, C=O and O-C=O respectively. This further confirms the 

successful incorporation of the CNFs in the 20% TiO2/CNFs and other composite materials as 

shown in Fig. 8(d)[60]. The XPS spectrum of the 20% TiO2/CNFs/Cu in the Cu 2p (931.9 eV 

and 934 eV) regions are presented in Fig. 9(b). The results are consistent with related 

studies[64]. 

The advantage of compositing TiO2 with CNFs is to increase the surface area of the 

composite materials. Hence, Brunauer – Emmett – Teller (BET) surface area (SBET) analysis 

was performed to explore the benefits. Fig. 10 shows the nitrogen adsorption – desorption 

isotherms while the associated specific surface area, pore diameter and pore volume are given 

in Table 1.   

A linear increase of the adsorption isotherms profiles was detected in the relative pressure 

(P/P0) range from about 0.23 to 0.85 which corresponds to the mesoporous structure of the 

nanomaterials[65]. The obtained BET surface areas of the catalysts are presented in Table 1.   
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Table 1. BET surface area, pore volume, pore diameter and 1D /1G ratio of the materials. 

Sample SBET (m2g-1) PV (cm3g-1) PD 

(nm) 

ID/IG  Reference 

TiO2-A  

TiO2 – Dandelion 

Degussa (TiO2-P25) 

CNFs 

10% _TiO2-CNFs 

20% _TiO2-CNFs 

20%_ TiO2-CNFs_6%Zn 

20%_ TiO2-CNFs_6%Cu 

 73 

 81 

 49 

 32 

 89 

126 

239 

297  

0.079 

0.071 

  - 

0.091 

0.120 

0.273 

0.259 

0.303 

  5.1 

  3.2 

  - 

22.6 

  5.4 

10.7 

  4.3 

  4.1 

 

 

 

0.87  

This study 

[66] 

[Sigma-Aldrich]  

This study 

This study 

This study 

This study 

This study 

SBET, PV, PD, 1D /1G: BET surface area, pore volume, and pore diameter, 1D /1G ratio. 
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Fig. 10. (a) N2 – BET graphs; 20%_TiO2/CNFs, 20%_TiO2/CNFs/Zn, and 

20%_TiO2/CNFs/Cu.  

The hysteresis loops profiles in the isotherm was classified as type IV in accordance with the 

International Union of Pure and Applied Chemistry (IUPAC) categorization depicting the 

presence of mesopores[67].  

When the CNFs (surface area, 32 m2/g) were composited with TiO2 (surface area, 73 m2/g), 

the surface area of the TiO2/CNFs composite (126 m2/g) was higher than the individual 

entities. Also, the pore volume of the TiO2/CNFs composite was higher (Table 1). This 

resulted from doping and functionalization of the materials[31]. TiO2 – A (surface area, 

73m2/g) compared well with other previous studies.   



 

240 

 

 

Fig. 11. The FTIR spectra for the composites. 
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Moreover, the BET surface area generally increased with the non – precious metal addition 

whereby the 20% TiO2/CNFs – 6%Cu composite was the greatest, 297 m2/g. Pore volumes of 

the composites also increased in this order 0.303 > 0.259 cm3/g while the pore diameters of 

the composites decreased, 4.1 < 4.3 nm. This suggests that the non - precious metals and 

CNFs can effectively tune the morphology of TiO2 for higher surface area, larger pore 

volume, and lower pore diameters thus enhancing the catalytic properties (non - precious 

metal photocatalysts).  

Fig. 11 shows the FTIR of the samples. The strong band at 1100 cm-1 was associated with C–

O stretching vibrations. The IR peak at 3438 cm-1 was O-H stretching vibrations. The 

remainder of the peaks could be the vibrations of aliphatic C-H groups in the range of 3000-

2800 cm-1, 2000-1800 cm-1, 1410-1395 cm-1, and 820-790 cm-1. The peak at 3400 cm-1 was 

as a result of adsorbed water molecules. TiO2 characteristic peak is normally in the range of 

690 to 800 cm-1 and the broad peak which appears below 1000 cm-1 is as a result of two 

peaks[68]. The peak at 3300cm-1 was also present in the TiO2/CNFs composites and other 

peaks, Fig. 11. The peaks from the composites at 3230, 2920, 1720, 1636, and 1330 

correspond to the presence of O-H, C-H, C=O, C=C and C-O-C respectively. The peak at 

1104 cm-1 for TiO2 is Ti – O – C indicating the conjugation effect of CNFs and TiO2[69]. 
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Fig. 12. Photoluminescence spectra of TiO
2
, CNFs, 10% _TiO2/CNFs, 20% _TiO2/CNFs  and 

20% _TiO2/CNFs/Zn composites. 

To examine the confinement, and movement of electron – hole pairs, it was imperative to 

study photoluminescence of the TiO2 – anatase and TiO2/CNFs composites. 

Photoluminescence studies based on photocatalysts have been reported and employed in the 

study of charge carriers[49], [70]. The excitation wavelength 350 nm was used and the 

characteristic features of charge carrier recombination rate of TiO2 – anatase are shown in 

Fig. 12. The results from this study conform to other related studies[70].  

TiO2 (anatase) had higher emission peak than the TiO2/CNFs composites. The reduced 

intensity of the composites was as a result of limited recombination of electron – hole pairs 

showing that the CNFs had enhanced the lifetime of the charge carriers (electron – hole 
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pair)[40], [43], [47], [70], [71]. Therefore, the higher the loading of TiO2 on CNFs the greater 

the charge separation.  

After verifying that doping was effective by photoluminescence studies, Fig. 12, UV-vis DRS 

studies were performed to elucidate the behaviour of the composites towards visible light. 

Tauc’s plot obtained from UV-vis DRS spectra of the TiO2/CNFs composite was not the same 

as that of TiO2 – A signifying that CNFs had positive impact Table 2 and Fig. 13. 

Table 2. Summary of the Band gap (Eg) energies (eV) of TiO2 phases and composite.  

Sample  Energy (eV)  Reference  

TiO2 – Degussa P25  3.15  [72] 

TiO2 – Anatase 3.20  [73] 

TiO2 – Anatase  2.22 This study 

20%_TiO2/CNFs 

20%_TiO2/CNFs/Zn 

20%_TiO2/CNFs/Cu 

1.96 

1.67 

1.72 

This study 

This study 

This study 
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Fig. 13. The Band gap (E
g
) energy (eV) of TiO

2 
– A, 20% _TiO2/CNFs, 20% _TiO2/CNFs/Zn, 

and 20% _TiO2/CNFs/Cu composites.  

This shows that energy gaps (1.96, 1.72 and 1.67 eV) are smaller as compared to the energy 

gap of TiO2 Table 2[72], [73]. 

 

6.3.2 Photocatalytic studies 

All as-synthesized photocatalysts were tested in the H2 production reaction using water. The 

accumulated H2 production outline of the catalysts is presented in Fig. 14 (a). The 

photocatalysts tested were analysed according to the support material, loading efficiency and 

cocatalysts used in the experiments.  

The first group consists of commercial photocatalyst P25 (TiO2) and pure TiO2. The second 

group is the loading of TiO2 on the functionalized CNFs obtaining 10% TiO2/CNFs or 20% 

TiO2/CNFs, third group-photocatalysts are the support (TiO2/CNFs) – doped with Zn or Cu 

(1, 5, and 6% by weight). 10%_ TiO2/CNFs/5% Zn was found to be the most active 

photocatalyst with activity of 0.53 mol g-1 h-1.  
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Table 3. Comparison of the photocatalytic activities of the synthesized catalysts and others 

from similar studies used in water splitting. 

 Photocatalyst Reactant  & 

sacrificial agents 

Light 

source  

Activity  

 

Ref. 

SiFe co doped TiO2 

 

540 ml distilled 

H2O, 60 ml 

ethanol 

500 W 320 μmol g-1 h-1 [74] 

GaN:ZnO 

(Mn3O4.Rh/Cr2O3 

Distilled H2O 

NaI 

450 W 

(Xe lamp) 

20 μmol g-1 h-1 

  

[74] 

 20%_TiO2/CNFs 

 

 

Distilled H2O 

450 W 

(Xe lamp) 

0.00720 (mol g-1 

h-1)  

 

Current 

work 

TiO2 

 

Distilled H2O 

10% methanol 

300 W  42.00 μmol g-1 h-1 

 

[74][75] 

10%_TiO2/CNFs/5%Zn Distilled H2O 

 

450 W 

(Xe lamp) 

0.53 (mol g-1 h-1) Current 

work 

20%_TiO2/CNFs/6%Zn 

 

Distilled H2O  

 

450 W 

(Xe lamp) 

0.43 (mol g-1 h-1) Current 

work  

10%_TiO2/CNFs/6%Zn 

 

Distilled H2O  

 

450 W 

(Xe lamp) 

0.42 (mol g-1 h-1) Current 

work  

20%_TiO2/CNFs/5%Zn 

 

Distilled H2O  

 

450 W 

(Xe lamp) 

0.37 (mol g-1 h-1) Current 

work 

20%_TiO2/CNFs/5%Cu Distilled H2O  

 

450 W 

(Xe lamp) 

0.32 (mol g-1 h-1) Current 

work 

 TiO2 – P25 Distilled H2O 450 W 

(Xe lamp) 

1.26 (10- 4)  

(mol g-1 h-1) 

  

Current 

work 

  TiO2 - anatase 

  

Distilled H2O 

 

450 W 

(Xe lamp) 

1.19 (10- 4) 

 (mol g-1 h-1) 

Current 

work 
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Fig. 14. (a) The H2 produced during the process (moles-6 h 1 g) (b) The activity of the 

photocatalysts: TiO2, TiO2 – P25, 20%_TiO2/CNFs/5% Cu, 20%_TiO2/CNFs/5% Zn, 

10%_TiO2/CNFs/6% Zn, 20%_TiO2/CNFs/6% Zn, and 10%_TiO2/CNFs/5% Zn. 

It generated H2 more than 100 times as compared to the commercial photocatalyst P25 (TiO2) 

and the as-synthesized TiO2 (pure TiO2) catalysts, Fig. 14 (a). It was followed by 
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20%_TiO2/CNFs/6% Zn, 10%_TiO2/CNFs/6% Zn, 20%_TiO2/CNFs/5% Zn and 

20%_TiO2/CNFs/5%Cu with activities of 0.43, 0.42, 0.37, and 0.32 mol g-1 h-1 respectively 

(Table 3, Fig. 14). 

Additionally, the results were compared with the results obtained from similar studies as 

indicated in Table 3 and it was realized that the results of this study were better than what had 

been previously reported. 

 

Fig. 15. Effect of stability of the photocatalyst, 20% TiO2/CNFs/6% Zn, and R - 20% 

TiO2/CNFs/ 6%/ Zn, XRD spectra.  

 

The most active photocatalyst, had TiO2 loading of 20% by weight, optimally embedded on 

the surface of CNFs as evidenced by the FESEM analysis Fig. 5(d) and (g) and TEM image 
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in Fig. 6(e). Furthermore, the photocatalyst was tested in a reaction for 6 h, and showed no 

signs of deactivation but enhanced H2 production, Fig. 14. 

The enhancement observed for TiO2 – carbon composites compared to pure TiO2 (TiO2 – 

anatase and TiO2 – P25) is attributed to an increase in the surface area and delay/ elimination 

of the electron – hole recombination[76][77]. Indications by Leary and Westwood of studies 

conducted by others comparing TiO2 – carbon composites catalysts to a pure TiO2 

photocatalyst under the same experimental conditions such as mass[76] as in this study, Table 

3.  

It has been realized that several similar studies have been conducted [78]–[81]. However, 

comparing results has been a challenge as factors such as the TiO2 content, the organic or 

inorganic sacrificial agents used and their concentrations, the type and intensity of radiation 

used among others are the hindrance[82]–[84]. Consequently, its perhaps more convenient to 

compare the results obtained together with the experimental conditions and also incorporate a 

standard catalyst, such as TiO2 – P25, as a reference[85]. In this study, hydrogen production 

with 10% TiO2/CNFs – 5% Zn was more than 100 times greater than the commercial TiO2 

(P25) measured in per gram of catalyst and per hour.  
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Fig. 16. Photocatalytic mechanism for photocatalytic hydrogen production from water using 

metal- TiO2/CNFs photocatalyst. 

Furthermore, hydrogen produced by as-synthesized TiO2 – anatase and commercial TiO2 are 

nearly the same, Fig. 14 (b). These results and the comparisons evidence the importance of 

incorporating appropriate controls in the synthesis and photocatalysis. Fig. 15 is the PXRD 

spectra of the photocatalyst, 20% TiO2/CNFs/6% Zn, prior to photocatalysis and after 

recovery processes. The spectra show that there is no sintering or dispersion of the 

photocatalysts during the water splitting process and therefore the photocatalysts can be used 

for longer hours more than 6 h and later recovered by filtration and re-used. The recovery of 

the photocatalyst was above 95%. 
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The proposed mechanism of this work is presented in Fig. 16. The proposed mechanism is 

not exclusive to this study. Similar proposals have been suggested in various other 

reports[24], [33], [47]. 

 

6.4 Conclusions  

Cu, Zn – TiO2/CNFs nanostructures were efficiently synthesized and investigated for H2 

production from water using UV – light irradiations. The assembly of the photocatalysts 

significantly advanced the H2 production rate and the greatest production of H2 of 0.53 mol (h 

g cat.)-1 was achieved using 10%_TiO2/CNFs/5%Zn, 90-100 folds greater than using 

commercial TiO2 - P25, and pure TiO2 photocatalysts.                                                                                                                                             

All the samples including, 10%TiO2/CNFs, 20% TiO2/CNFs, 20% TiO2/CNFs – non precious 

metals composites were tested for stability by longer performances of over 6 h of irradiation 

period and XRD and found to efficiently improve the photocatalytic evolution of H2 using 

UV – light irradiation beyond 6 h. The compositing of CNFs with titania increased the BET 

surface area of the TiO2 from 73 m2g-1 to 126 m2g-1 20% TiO2/CNFs. Further, the BET 

surface area generally increased with the non – precious metal addition whereby the 20% 

TiO2/CNFs – 6% Cu composite had the highest surface area of 297 m2g-1. The pore volume 

of the composites also increased in this order while the pore diameter of the composites 

decreased. This suggests that the non - precious metals and CNFs can efficiently modify the 

structure of TiO2 for higher surface area, larger pore volume, and smaller pore diameters thus 

increasing the photocatalytic properties of the TiO2/C – non - precious metal photocatalysts. 

Raman, FTIR, FESEM characterization techniques show a very homogeneous distribution of 

TiO2 nanoparticles on the CNFs. The XPS analysis confirmed the presence of all the elements 

as Ti, O, C, N, F, Cl, Zn and Cu and their respective chemical states. This was important for 

understanding the mechanism of water splitting with particular interest on Ti, O, C and the 
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cocatalysts (Zn and Cu) as their quantities, chemical states, and morphology play important 

roles in water splitting processes. In all the carbon containing samples, there was a shift of 

light absorption to the visible range (TiO2 – 3.20 eV to 1.67 eV - 20% _TiO2/CNFs/6% Zn). 

Basically, Cu, Zn - TiO2/CNFs has significant prospects because of its considerable stability 

and high photocatalytic activity for water splitting.                                                                                                                        
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APPENDIX A. SUPPLEMENTARY MATERIAL 

 

 

Fig. 17. The Thermogravimetric Analysis (TGA) and the Differential Thermal Analysis 

(DTA) thermograms: (a) as-synthesized CuO Nanoparticles, CNFs and functionalized CNFs 

(b) synthesized materials and the TiO2/CNFs composites (c) DTA of CuONPs, CNFs and 

F_CNFs (d) DTA of TiO2/CNFs composites.  
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XPS data 

 

NA37 

Elemental ID and Quantification 

Name  Peak BE Atomic % 

C 1s 284.2 68.7 

O 1s 530.4 22.8 

Ti 2p 458.1 5.8 

N 1s 399.0 2.1 

Cu 2p 932.7 0.6 
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NA37 

Chemical ID and Quantification 

Name  Peak BE FWHM eV Atomic % 

C1s (C-C) sp2 284.1 1.3 40.6 

C1s (C-C) sp3 284.8 1.3 17.7 

C1s (C-O) 286.1 1.2 5.4 

C1s (C=O) 288.0 1.2 2.8 

C1s (O-C=O) 288.7 1.2 1.8 

N1s (Cyanides; Azide) 398.2 1.8 0.9 

N1s (Cyanides; Organic N) 399.6 1.8 0.9 

Ti2p (TiO2) 458.2 1.4 6.2 

O1s (Metal Oxide) 529.7 1.5 12.7 

O1s (C-O) 531.5 1.5 6.4 

O1s (C=O) 533.0 1.5 4.0 

Cu2p3 (Cu2O; Cu) 931.9 1.7 0.4 

Cu2p3 (CuO) 934.0 1.7 0.2 
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NA31 

Elemental ID and Quantification 

Name  Peak BE Atomic % 

C 1s 284.4 59.5 

O 1s 530.7 24.5 

Ti 2p3 458.4 6.6 

Zn 2p 1022.1 4.0 

Cl 2p 198.8 2.7 

N 1s 399.2 2.3 

F 1s 689.0 0.4 
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NA31 

Chemical ID and Quantification 

Name  Peak BE FWHM eV Atomic % 

Cl2p (Chloride) 198.5 2.7 2.8 

C1s (C-C) sp2 284.1 1.3 28.9 

C1s (C-C) sp3 284.8 1.3 20.2 

C1s (C-O) 286.2 1.3 5.6 

C1s (C=O) 288.0 1.3 2.1 

C1s (O-C=O) 288.7 1.3 2.1 

N1s (Cyanides; Azide) 398.5 1.7 0.9 

N1s (Cyanides; Organic N) 399.8 1.7 1.4 

Ti2p (TiO2; TiCl4) 458.4 1.2 7.1 

O1s (Metal Oxide) 530.0 1.4 15.0 

O1s (C-O) 531.6 1.4 7.0 

O1s (C=O) 533.1 1.4 3.1 

F1s (Organic F) 688.7 1.4 0.5 

Zn2p3 (ZnO; ZnCl2) 1022.0 1.6 3.5 
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Fig. 6. SEM analysis of (a) as-synthesized CNFs (b) Purified CNFs (c) TiO2 – A (d) 20% 

TiO2/CNFs composite (e) EDXss spectrum of 20% TiO2/CNFs . 
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CONCLUSION AND FUTURE WORK 

Conclusion 

The main aim of this study was to develop efficient photocatalytic materials for H2 

production from water. But because most reactions require the use of sacrificial reagents to 

obtain reasonable quantities of for H2, methanol was used under mild conditions (>10%) as 

part of the study.  

The first part of the project led to the development of a simple, Novel, one step method that 

was used in the synthesis of copper oxide nanoparticles, CuONPs at room temperature. The 

method was reproducible and the CuONPs synthesized using the method did not have to 

undergo further purification by calcination or annealing. Furthermore, the synthesized 

CuONPs were used to synthesize high quality carbon nanofibers, CNFs as shown in Chapter 

3. The CNFs (as-synthesized) were functionalized and found to be of high purity, and thermal 

stability of 577ºC and comparable to other CNFs which have been synthesized by other 

methods. 

The synthesis of TiO2/F_CNFs composites were achieved in Chapter 4. The characterization 

of the synthesized structures were achieved by various techniques before performing 

photocatalytic water splitting. The loading of 20%TiO2 onto the CNFs produced the highest 

H2 production of 7203.50 μmol g-1 h-1. 10% methanol was also tested for hydrogen 

production with water using the 20%TiO2/CNFs photocatalyst but the results were not 

significantly different and therefore, the study recommended the use of the synthesized 

photocatalysts with distilled water without methanol addition because the use of methanol at 

10% can be a threat to the environment via CO2 emissions. 

The loading of the TiO2/F_CNFs composites with precious metals (Pt, Au or Ir) was achieved 

and discussed in Chapter 5. It was realized that compositing of CNFs with titania improved 
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the BET surface area of the TiO2 from 73 m2 g-1 to 126 m2 g-1 20%TiO2/CNFs. Moreover, the 

BET surface area generally increased with the precious metal addition in which 

20%TiO2/CNFs/Pt photocatalyst obtained the highest surface area of 341 m2 g-1. The pore 

volume of the structures followed the same trend while pore diameter of the composites 

decrease. The increment was attributed to the fact that noble metals together with the CNFs 

efficiently tune the morphology of TiO2
 for higher surface area, larger pore volume and lower 

pore diameters thereby increasing the photocatalytic properties of the structures. 

The XPS analysis was used to confirm the various elements in the heterostructures as Ti, O, 

C, N, F, Cl, Zn, and Cu. Therefore, it confirms the presence of Ti, O, C and the co-catalysts 

Zn and Cu for their quantities, chemical states, and morphology are important in 

photocatalytic water splitting processes, Chapter 6. From this study, we can concluded that 

Cu, Zn – TiO2/CNFs heterostructures have significant prospects for photocatalytic water 

splitting. 

 

Future research 

The output of this research has provided several routes that can be used to improve H2 

production from water. Besides, there are certain areas which may require improvement. 

Despite the fact that copper oxide nanoparticles, CuONPs were used in the synthesis of the 

carbon nanofibers, CNFs as catalysts, there could be other cheaper or better catalysts to be 

tried. Again, the CNFs (as-synthesized) had to be functionalized to obtain pure or 

functionalized CNFs, therefore, other methods of synthesis of CNFs should be explored to 

produce pure CNFs so that acid functionalization is avoided.  

Loading of TiO2 on CNFs should also be changed to check on the possibilities of getting 

better results than what is has been reported elsewhere and in in this project. The 
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hydrothermal method used in loading TiO2 onto the CNFs has several steps to be followed, 

therefore, a simpler method should be tried. 

Other than CNFs, there are other forms of carbons that can be tried to try enhance H2 

production. These materials include; activated carbon, carbon nanotubes and other forms of 

carbon. Non-carbonaceous can also be used as photocatalysts for water splitting because 

besides TiO2, cadmium sulphite (CdS) has been used. Thus a comparison study should be 

conducted with TiO2and non-carbonaceous materials. 

Different precious metals and non-precious metals or metal oxides should also be tried with 

CNFs or other carbonaceous materials to improve the results obtained in this study and others 

that have been reported.   

 

 

THE END 
  


