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Abstract 

Graphene has impressible absorbing ability and its electron transmission capacity makes it a 

great prosperity in many science horizons. In this study graphene or graphite nitride has been 

employed as a carrier in order to modify TiO2, ZnO and Ta2O5 photocatalysts.  

Graphene modified TiO2 particles were obtained by a sol-gel method from titanium 

isoproproxide (or P25) and reduced graphene oxide (RGO). The X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FT-IR), field emission scanning electron 

microscopy (FE-SEM), UV-vis diffuse reflectance (UV-vis DRS) and thermo gravimetric 

differential thermal analysis (TG-DTA) were investigated over the samples. The diffuse 

reflectance spectra (DRS) studies indicate that G-TiO2 has a significant light absorption 

increasing and red shift of absorption peak. G-TiO2 photocatalyst could decompose 

methylene blue under visible light (> 430 nm). G-TiO2 synthesised from titanium 

isoproproxide presented better activity than G-TiO2 (P25). The catalysts could also produce ●

OH and [O2]
- 
radicals via electron scavengers (peroxymonosulphate, peroxydisulphate and 

hydrogen peroxide) to enhance degradation process with visible illumination. 

ZnO loaded RGO photocatalysts were synthesized through Zn powder and graphite oxide. 

The structural, morphological, and physicochemical properties of the samples were 

thoroughly investigated by XRD, FT-IR, FE-SEM, UV-visible DRS, TG-DTA, and Raman 

spectroscopy. Zn powder could successfully reduce GO and ZnO was obtained 

simultaneously by one-step hydrothermal method. RGO-ZnO photocatalysts could bleach 

MB under UV-vis illumination. 



 
 

 

Three different compounds: ammonia, graphene and C3N4 were utilized to dope tantalum 

pentoxide photocatalyst. Catalysts were analyzed by X-ray diffraction, UV–vis diffuse 

reflectance spectra and FTIR spectroscopy. The photocatalytic behavior was thorough 

investigated in bleaching methylene blue under UV-visible illuminations; the modified 

catalysts could decompose methylene blue, showing better activity than undoped Ta2O5. 

However, only N-doped Ta2O5 will show activity under visible light.   
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1.1 Background 

In the past decades, more and more researchers have paid much interest on development of 

environmentally friendly materials and treatment techniques, because of the pressure to 

control and prevent a variety of environmental pollutants. There mainly included three kinds 

of contaminations; air, water and solid pollution, which cause threat to people health, 

civilization development and biological environmental security.  

Water contamination majorly comes from human activities, which produce a large number of 

industrial, agricultural and domestic wastes to be discharged into the water. At present, more 

than 4200 billion cubic meters of sewage water were discharged into rivers of the world 

annually, and about 5.5 trillion cubic meters of sewage leached into lakes polluting fresh 

water, which is equivalent to more than 14% of the total global fresh water storage. Organic 

pollutants play an important role in water pollution; it takes up more than 50% of water 

pollutants. The major paths of this kind of pollutant are involved in the industry of plastics, 

synthetic fibres, synthetic rubber, detergents, pigment, solvents synthesis, paints, pesticides, 

food additives, pharmaceuticals and other organic compounds. Those industries on one hand 

are improving the quality of human life and on the other hand they endanger human health.   

The hazard of water organic pollutants is dramatical. They are considered as toxics or a 

contributor to human chronic diseases including the human hepatic dysfunction, 

carcinogenics, hindering human body development and endangering body endocrine system 

[1-3]. In the last decades, much studies have been paid attention to photochemical methods 

for water treatment, for that photocatalysis supplied a promising strategy to decompose 

organic contaminants directly into carbon dioxide and water without any extensive energy 

supply and it is totally environmentally friendly. It also supports a new path for novel 

technology. Numerous studies have been reported to use nano-particles as photocatalysts for 
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water splitting to hydrogen generation, degradation of environmental pollutants and 

wastewater treatment, carbon dioxide remediation, self-cleaning activity and air 

purification[4-6].  

1.2 Photocatalysts 

TiO2 has been studied extensively because it is considered as one of the most effective 

photocatalysts for the degradation of organic pollutants[7]. This reputation is also attributed 

to its relative nontoxicity and long-term thermodynamic stability. Today, many research  

groups manage to enhance the photocatalytic properties and optimize to degrade various 

organic and inorganic pollutants[8]. The energy from solar radiation that can arrive at the 

surface of the earth will stimulate TiO2 particles at less than 5% of all radiation energy (λ< 

385 nm) [9]. Novel type of titanium oxide photocatalyst could degrade pollutants effectively 

under this kind irradiation. TiO2 has a narrow band gap energy (Ebg = 3.2 eV for anatase type 

TiO2) and can be a photocatalyst for oxidation or reduction. Reactive radicals (primarily 

OH
·
 and O2

·
) or direct holes are to initiate the oxidation of most organic species in water and 

air. For an organic molecule, the process may lead to partial oxidation or can be proceeding 

toward total mineralization and formation of CO2 and mineral acids [10-12]. The overall 

efficiency of photon utilization by TiO2 is, however, limited by electron–hole recombination 

which transforms radiation into thermal energy. Indeed photon scattering and the intrinsic 

physical properties of TiO2  limit the absorption of photons to those with UV-A or greater 

wavelength energy[13]. Because of the reasons, photocatalyst modification has been 

considered as key technology toward future photo-chemistry. 
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1.3 Graphene and graphene oxide  

The term of graphene was first appeared in 1987 to describe single sheet of graphite as the 

constituent of carbon film.  Graphene is an one-atom-thick two-dimensional crystallite which 

has an aromatic like lattice as a build block for all sp
2
 carbons including fullerene, carbon 

nanotubes, and graphite[14]. Graphene oxide (GO) is the oxidised form of graphene. Bradder 

et al.[15] state that the structures of graphene show significant capacity to remove inorganic 

gas via intercalation and reactive adsorption. The acid-base interactions with surface 

functional groups located at the edges of the carbon layers play a role in the mechanism of 

the removal process. Matsuo et al.[16] reported the removal of formaldehyde from the gas 

phase by silver GO contained amino groups. They found that the amount of formaldehyde 

adsorbed on this adsorbent was much higher than that on activated carbon. Although, 

activated carbon has been a simple and cost-effective material for the removal of 

contaminants in water, the production of activated carbon and regeneration are expensive and 

hard to recycle. In addition, activated carbon sometimes shows a low adsorption for some 

kinds of ions[15]. An important process in  photocatalytic mineralization of organic 

substrates is the initial oxidation of organic substrate occurring on the photocatalyst surface 

[17]. Therefore, it was thus deduced that graphene or GO will play a role in adsorption of 

other compounds in water due to its hydrophilic-hydrophobic properties change and 

effectively acceleration to the process of catalytic reaction.  

1.4 Graphene doped TiO2 photocatalyst 

The major initial steps of TiO2 photocatalytic mechanism under visible irradiation[9] are 

summarized in following  steps: 
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In a photochemical reaction process, conduction band electrons (e
−
) and valence band holes 

(h
+
) are generated when aqueous TiO2 suspension is irradiated with light energy bigger than 

its band gap energy (Eg=3.2 eV)[18]. Graphene is a 0 eV band gap semiconductor in which 

the filled valence band touches the empty conduction band thus arising a new band for radical 

production (Figure 1.1).  

 

Figure 1. 1  Graphen plays as an accepter to rebuild a new conduction band in order to narrow band gap energy.  

 

Ohtani claims that semiconductor photocatalysis is the catalysis of a photochemical reaction 

at the surface a solid semiconductor [19]. Zhang et al. [20] indicate that high adsorption 

material will support a high concentration of reactants near the TiO2, organic compounds in 

many ways overlap the TiO2 photocatalyst surface. Leary [21] indicates that the graphene 
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sheet is an ideal electron sinks or electron transfer bridges. Exfoliated graphene sheets have a 

theoretical surface area of 2600 m
2
/g, making graphene highly attractive as a high-surface 

area 2D photocatalyst support. Furthermore, high quality graphene sheets induce ballistic 

transport, which means that electrons can travel without scattering at motilities exceeding 

15.000 m
2
 V

-1
 s

-1
 at room temperature. The application of graphene in combination with TiO2 

therefore presents the opportunity to simultaneously cover all three mechanisms of 

photocatalytic reaction. 

 

Figure 1. 2 The influence by the band gap electronic structure of anatase TiO2 Doping on organic material [22]. 

 

The above diagram was proposed by Serpone [22], which  logically demonstrates the 

influence of the changes that might occur to the band gap and electronic structure of anatase 

TiO2 on doping with various organic elements (Figure 1.2) The presence of localized states 

near the valence band edge has been proposed  to be at the origin of the visible-light activity 

of anion-doped TiO2, the narrowed band gap energy could utilize the modification of TiO2 in 

photo-property such as red shift in radiation which can improve the quantity of solar energy 

or lower trigger energy of photo-reaction. 
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1.5 Scope and objectives of this thesis  

The main objective of this research is to synthesize new kind of photocatalysts by using 

graphene oxide or reduced graphene oxide for visible light radiation. The new carbon 

material, graphene oxide or graphene will be used as a support to synthesize photocatalyst 

composites. New method will be tested to synthesize graphene oxide, reduced graphene oxide 

(RGO) and new sol-gel method will be utilized to produce light responsive nano-photo-

particle which will be evaluated in dye degradation. In this research, the comparison between 

RGO doped commercial TiO2 (P25) and RGO doped home-made TiO2 will be carried out. 

Also graphene modified ZnO and Ta2O5 systems will be synthesised and tested in dye 

degradation. 

1.6 Structure of thesis 

In this thesis, a novel carbonaceous nanomaterial, graphene, has been synthesized in order to 

modify several light active semiconductors to decompose methylene blue dye in aqueous 

system with ultraviolet or visible illumination. There are six sections in this thesis. Firstly the 

background of graphene or graphene oxide and photocatalysis has been introduced, graphene 

as a new kind of film-like material possess very special electronic properties and other 

physical and chemical properties. It has potentials to play as a carrier to accept photo-electron 

and reduce the time of pair recombination. In second part, more detail has been demonstrated 

about graphene, which includes the history of graphene and the development of modern 

technology to synthesise vast surface graphene sheets. Photocatalysis is also a kind of new 

technology; it has multifocal future on hydrogen energy generation, pollution treatment and 

so on, however, the existence photocatalysts have drawbacks such as high cost, low 

efficiency, high electron-hole pair combination speed and UV-radiation response only. Now 
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many researches reveal that graphene or graphite oxide dopant could enhance the 

photocatalyst properties in numerous functions. In the following chapters, our major work has 

been presented, graphene doped TiO2 particles successfully degrade MB under visible 

radiation, G-TiO2 sample could efficiently create ●[OH] radicals from water with electron 

scavengers. The ZnO - RGO photocatalyst has been synthesized by Zn powder and graphite 

oxide suspension via hydrothermal methodology, which could decompose MB with artificial 

solar radiation. In part five of the thesis, graphene and graphene like inorganic material 

“graphite nitride” have been studied as dopants to modify commercial Ta2O5 particle; the 

results indicate that graphene has strong ability to absorb pollutants and g-C3N4-Ta2O5 could 

decompose MB under visible radiation gradually. At last conclusion and work for future are 

presented.    
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2.1 Introduction  

In 1967, a photocatalytic reaction was firstly reported by Professors Fujishima and Honda at 

the University of Tokyo of Japan, which grips a great interest onward novel energy, photo-

electric property, photo-semiconductor, water treatment and so on. In their study, it was 

found that water could be hydrolysed on the surface of titanium single crystal electrode under 

certain wavelength radiation, this phenomena revealing the possibility to produce hydrogen 

gas from solar radiation energy, and it was widely acknowledged as the Honda-Fujishima 

Effect [1]. When the surface of the rutile TiO2 electrode was irradiated by light constantly at 

wavelengths shorter enough than TiO2 band gap, which is about 415 nm (3.1 eV), 

photocurrent from the platinum electrode to the TiO2 electrode through an external redox 

circuit occurred. Water can be decomposed using UV radiation without the application of 

external voltage, according to the following scheme. 

                                                      TiO2 + hv → e
-
 + h

+
 

                                                       2H2O + 4h
+
 → O2 + 4H

+
 

                                                      2H
+
 + e- → H2 

The overall reaction is: 

                                                       2H2O + 4hv → O2 + 2H2 

Ever since, people develop more and more technologies to utilize solar energy into extensive 

areas. Now it is well known that TiO2 or other semiconductors and their modified particles 

can be adapted.  Kim et al. employed TiO2 with anatase crystal for sterilization of food-borne 

pathogenic bacteria[2]. TiO2 nanoparticles with near ultraviolet radiation (UV-A) can 

produce electronic holes (h
+
) inward its valence band, it reinforced conduction hydroxyl 
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radical (OH
-
) produced by the oxidation of water which can decompose the bio-cell 

efficiently and eliminate bacteria. As a conclusion, the photocatalyst played a significant role 

in a heterogeneous system, same as UV radiation.     

 

Zou et al. have considered SiO2 as a support to load TiO2 nano-particles for air pollution 

treatment especially for volatile organic compounds (VOCs) [3]. They suggested that 

photocatalytic oxidation to remove toxic air pollutants from electrical, electronic, agricultural, 

textile, petrochemical, metallurgical and many other industries is a very promising process. 

SiO2 can create bigger surface area of TiO2-SiO2 particles at 274.1 – 421.1 m
2
/g, which is 

much higher than commercial titanium dioxide (Degussa P25, 50.4 m
2
/g). Meanwhile SiO2 

can enhance the adsorption of VOCs reinforcing photocatalysis of VOCs into carbon dioxide 

and water. Kim and Hong reported a study in acetone, methanol, toluene degradation by TiO2 

semiconductor thin film under 254 nm UV radiations at temperature of 45 ℃ [4]. The 

experiment proved that water vapour could enhance the photocatalytic degradation rate of 

toluene, but the catalytic activity was inhibited for acetone because water vapour eventually 

seemed to hinder the adsorption of acetone molecules on the catalyst surface.  It also has been 

proved that the UV - Ozone oxidation technology could oxidize the organic matters in water 

system, such as chloroform, hexachlorobenzene, carbon tetrachloride, benzene, to make them 

into harmless CO2 and H2O. This technology can effectively be used for environmental 

deodorant or air pollution treatment. Several reports demonstrate that the titanium dioxide is 

widely used for air purification, deodorant, sterilization, anti-fouling, and demister[5] because 

the cooperation of photocatalyst, sunlight irradiation and water evaporation  can produce OH
- 
, 

O3
+ 

 radicals with high redox potential.   

Since the late of 1960s, photocatalysis technology was utilized in water treatment. Fujishima 

has begun to investigate the photo-electrolysis in water system[6] in the first time, he selected  
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a single crystal n-type TiO2 (rutile) semiconductor electrode as an oxidant which has a 

sufficiently positive valence band edge to oxidize water to oxygen. TiO2 is also an extremely 

stable material, even in the presence of aqueous electrolyte solution, much more than other 

types of semiconductor that have been tested. The possibility of solar photoelectrolysis was 

demonstrated for the first time in 1969 with the system shown below (Figure 2.1), the  reactor 

was exposed to near – UV light, and was connected to a platinum black counter electrode 

through an electrical load. This report attracted the attention of not only electrochemists but 

also many scientists in a broad area, and numerous related studies were reported in the 1970s. 

 

Figure 2. 1 Schematic diagram of electrochemical photocell. (1) n-type TiO2 electrode; (2) platinum black 

counter electode; (3) ionically conducting separator; (4) gas buret; (5) load resistance;  (6) voltmeter 

One mechanism has been wildly accepted that near-UV irradiation on TiO2 particulates 

generates conduction-band electrons (eCB
-
) and valence-band holes (hVB

+
). These charge 

carriers either stay inside the crystal or migrate to the surface to react with the available 

adsorbents, such as OH
- 
. The highly oxidative hVB

+
 (E0= +2.7 V) may directly react with the 

surface-absorbed organic molecules, or indirectly oxidize the organic compounds via 

formation of ●OH radicals.  It is well known that ●OH radicals are the primary oxidation 

species to initiate the degradation reaction in the photocatalysis of various organic substrates 
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because in the process hydrogen peroxide has been detected[7]. It has been considered that 

there is a high oxidation electrode potential between conduction-band electrons and valence-

band holes. The light energy can be efficiently used in redox chemistry reactions which 

include organic pollutant decomposition in water. 

2.2 Water organic pollutants 

In a long history, human beings are magnifically affecting the earth environment; in turn the 

environment conversely affects human life; living, health, generation, evolution. However, 

there is an increasing tendency in pollutant emissions including inorganic and organic 

pollutants.  According to the World Health Organization (WHO), 1.8 millions of people die 

of diarrhoea per year and 88% of these cases are related to the ingestion of contaminated 

water, lack of sanitation and bad hygiene practice (WHO, 2006). Furthermore, almost 1/6 of 

World’s population do not have access to safe drinking water, most of them in the third 

World. 

 

For chemical engineering, environmental problem attracts great interests. The pollutants from 

textile, paper, and plastic industries are always threats to human life. These industries 

contaminate the environment by releasing the toxic, cancerogenic and coloured waste water 

[8-10].  Phenol, dye stuff and aromatic liked compounds [11-13] are the main organic water 

pollutants due to high toxicity and high chemical stability.  Generating hydroxyl radicals to 

capture the hydrogen atoms from the carbon atoms of straight-chain alkanes, will result in 

degradation of ketones, alkenes, aldehydes, alcohols and others. These compounds other than 

alkanes are more easily degradable by micro-organisms in the water environment. Yue et al. 

reported decomposition of crude oil absorbed into expanded graphite/TiO2/NiO 

composites[14]. In the study, TiO2 loaded NiO photocatalyst was supported on expanded 
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graphite which is considered to have high adsorption capacity to heavy oils in water. FT-IR 

spectra indicated that most of organic functional groups such as C–H, C–S and C–C 

decreased because of photo-decomposition with solar energy. After an intensive study, TiO2 

is considered to have a wide-energy band gap which is a limitation to extract more radiation 

energy under the visible light wavelength. Most of light sensitive semiconductor materials 

have the drawbacks of low quantum yields and the lack of visible-light utilization[11].  

Photocatalysis has not been widely applied to treat wastewater in industry, as its reaction 

speed is not high enough, which is widely considered due to a quick recombination of charge 

pairs and the radiation energy will totally waste  into  thermal energy[15]. 

 

2.3 Photocatalytic water treatment  

Photo-degradation of organics is referred  to organic matters such as aromatics, 

alkanes, lipids, organic acids, etc being gradually oxidized  to low molecular weight 

intermediates and eventually into CO2, H2O and other anions such as NO
3-

, PO4
3-

, Cl
1-

  

with radiation [16].  

Heterogeneous nano-photo-catalysts are referred as particles with 20 – 200nm with 

photo sensitivity and high surface area. Because the particles have the ultra-small size 

and the super surface area, electronic property of the particle is totally different from 

bulk system. Over its structure the element atoms of surface ligand is often 

insufficiency and dislocation, which will result in an increase in dot position. The 

activation of catalyst surface is much higher than the regular semiconductor. The 

quantum size affects discrete energy levels [17, 18], the potential of conduction band 

becomes more negative, and the energy gap is wider. Therefore, nano-semiconductor 
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particles have a stronger oxidizing or reducing potential which leads to much easier 

participation into photo-electronic reaction. TiO2 particles with nano-size have a high 

photocatalytic activity, low cost, non-toxicity. As well-known that a wide band gap 

energy makes catalysts to be stimulated under ultraviolet light, and  this  illumination energy 

only occupies 4% of incoming solar energy, thus rendering the overall process 

impractical[19]. Thus development of semiconductor nano-particle to harvest as more as 

visible light energy (wavelength more than 380 nm, which occupied 43% incoming solar) 

attracts more and more interest of researchers in the last decades.    

2.4 Ion doping method to modify photocatalysts   

 Heteroatom doping technology to modify property of a photocatalyst is considered as 

one of the effective ways to extend light absorption in visible region of the 

photocatalyst. It is reducing the recombination rate of photo-induced electrons/holes. 

At the same time the doping ion can impose structure defects to capture electronic 

carrier and extend its lifespan. The heteroatom in the crystal lattice will lead to 

structure distortion and different ion size, breaking the symmetry of the crystal. This 

phenomenon is also beneficial in improving the photo-induced electron and hole 

separation. For instance, Fe
3+

 is always considered as the most acceptable dopant on 

TiO2 modification because of its unique 3d atomic orbitals with half -filled electron 

and moderate molecular energy [20]. Zhu et al. claim that Fe
3+

 can be successfully 

doped into TiO2 lattice by sol-gel method under different calcination conditions. DRS 

spectra and Raman diffraction indicate the Fe
3+

 doped TiO2 particle can narrow the 

band gap. The crystal structure of TiO2 plays a very important role and anatase TiO2 is 

much more efficient than rutile lattice in organic pollutant degradation.  
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Non-metal dopants are considered to be more beneficial to catalyst modification 

because Fermi electronic energy level in non-metal atoms is discrete or quasi-

continuous, which will narrow the semiconductor band gaps. Comparing with metal 

dopants, non-metal elements increase surface area and adjust the pH value of surface 

for enhancing the pollutant adsorption process[21].  Yang et al. introduced carbon and 

nitrogen into TiO2 lattice and concluded that the visible light sensitivity was enhanced  

by the narrowing of the band gap due to mixing N 2p and O 2p states  and that carbon 

dopant played a significant role to enhance the separation of photo-excited phase [22] 

and weaken recombination. The N-C doped TiO2 photocatalyst has a good 

performance in degradation of “what chemical” at visible irradiation.  

Zou et al. presented a brilliant result about TiO2 with heteroatom doping 

technology[19]. They developed nickel-indium-tantalum-oxide with nickel and in 

doping. During 400-hours experiment the catalyst samples remained quite stable under 

visible light irradiation. The band gap is between 2.3-2.6 eV. The band structure of 

NiO at Ni 3d orbits can absorb ultraviolet-visible irradiation even more at 420 to 520 

nm.  

2.5 Semiconductor combination modification method  

Different from ion doping, semiconductor cooperation provides new covalence band 

or conduction band to initial photocatalyst directly. There are many researches 

indicating that semiconductor cooperation is not only to modify mixture absorption 

peek of particle to red shift in all illumination but also to arise the ability of photo-

reaction and improve photocatalystic behaviour, this phenomena can be ascribed to 

better electron transfer between different semiconductors.  Furth more combination of 

crystal will create more defects and nano porous structure which will positively 
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enhance surface activation. For instance, metal oxidation can postpone electronic 

transforming of TiO2 from anatase phase to rutile phase; it is also good at enhancing the TiO2 

in the absorption of the visible wavelength. It is well known that the order of capability of 

material absorption performance strength is Pt/WO3-TiO2 > Cu/WO3-TiO2 > Ag/WO3-TiO2 > 

Ni/WO3-TiO2. 

Abe et al. synthesised platinum, tantalum, tungsten, iodine, oxygen, nitrogen multiple 

element complex photocatalyst for water splitting and hydrogen production.This novel 

system has catalytic response under visible light and high efficiency for hydrogen production 

from water. Pt-TaON particle has a band gap about 2.5 eV, the conduction band and valence 

band edges are -0.3 and +2.2 V respectively.  This system has enough negative normal 

hydrogen electrode (NHE) to reduce H2O to hydrogen gas. In contrast, Pt-WO3 system is 

good at oxidation whose NHE of valence band is much higher than H2O to oxidise water. In a 

two-step (Figure 2.2) photo-excitation combined with a redox circuit between IO
3-

 and I
-
. The 

prompt reduction of IO
3- 

to I
-
 over Pt–WO3 particle maintains a very low concentration of 

IO
3-

 in the solution during the photoreaction, effectively suppressing the undesirable 

backwards reaction of IO
3-

 reduction to I
-
 onto Pt–TaON particale[23].  
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Figure 2. 2 The combination function of Platinum doped WO3 semiconductor; platinum doped TaON 

semiconductor and intermediary agent I-/IO3- for photo water split [23]   

Photoactive sensitization compounds are the chemicals with high photo stimulating factor 

and easy adsorption onto the surface of the photocatalyst. When such a chemical possesses 

visible illumination energy, these optically active substances directly absorb photon into 

photoelectronic material and transform photo current into photocatalyst vacant state. Thereby 

the whole photo-electron system will temporarily obtain expanded excitation wavelength 

range, and the photocatalytic reaction efficiency will be enhanced.  There are several 

requirements for dye sensitization:  

(1) It is required to be tightly adsorbed on the photocatalyst surface, or the dye molecules 

include polar groups such as carboxyl, hydroxyl; 

(2) It shows good absorption of visible light in solar light spectrum; 

(3) The compound should have a more negative reduction potential than the oxidation 

potential of the electrolyte and more negative oxidation reduction potential; 

(4) The compound should have a good chemical stability with long-term irradiation; 

(5) The compound oxidation state and excited states have stability; 

(6) The compound and photocatalyst should have a match relationship which is utilized for 

excited electron injection quickly; 
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(7) The compound molecule can be dissolved in the solvent. 

 

Many kinds of photosensitizing agent are employed for photocatalyst modification, for 

instance; cyanine dyes, phthalocyanine, coumarin, chlorophyll, eosin, bipyridine ruthenium. 

Stergiopoulos et al. [24] investigated commercial organic ruthenium N3 and other two new 

dyes, Ru (dcmpp) (debpy) CI (PF6) (abbreviated as Ru-CI), and Ru (dcmpp) (debpy) NCS 

(PF6) (abbreviated as Ru-NCS). The results indicate that these three dye sensitizers have 

good absorption under visible light. The absorption wavelength of TiO2 /Dye system has 

expanded to more than 700 nm. Some reports also indicate that Ruthenium (Ru) bipyridine, 

Osmium (Os) bipyridine, phthalocyanine and phthalocyanine, porphyrin , chlorophyll 

and its derivatives can usually be utilized as a photosensitizing dye[25-27]. However 

the dye sensitizer will be easily degraded[28].  

Although the dye-sensitized TiO2 system demonstrated the ability to decompose 

pollutants using visible light, the photoreaction efficiency was very low due to the 

much slower interfacial electron transfer between substrates and the back electron 

transfer to the oxidized sensitizer. Bae et al.[29] investigated a Ru
II+

L3 sensitizer with 

Pt-TiO2 particles (Figure 2.3). They found carbon tetrachloride （CCl4）could be 

decomposed in to Cl
- 
under visible light irradiating but the fast initial dechlorination 

on Pt/TiO2/Ru
II+

L3 stopped after 30-minute irradiation. The durability of 

Pt/TiO2/Ru
II+

L3 photocatalysts remains to be solved.  
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Figure 2. 3 Visible light-induced reductive degradation of perchlorinated compounds (Cl3CX = Cl for CCl4, X = 

CO2- for CCl3CO2-) on Pt/TiO2RuII+L3 particles; ① Electron injection from the excited sensitizer to CB; ② 

Back electron transfer to the oxidized sensitizer (RuIIL3); ③ Electron migration and trapping in Platinum 

deposits; ④ Interfacial electron transfer to a perchlorinated molecule on Platinum; ⑤ Sensitizer regeneration by 

electron donors[29].  

 

2.6 Graphene structure and properties 

In the early century, it was believed that one-atom layered 2-dimentional material 

does not exist in the word. Some famous scientists claimed that, in the strict sense, 

two-dimensional crystal is thermodynamically unstable, because thermal fluctuations 

will destroy the atoms by the long-range order in the two-dimensional crystals in any 

limited temperature. In other words, the vibration of atoms displacement by the 

thermal divergence fluctuations is bigger than atom space; it will lead material to self-

decomposition or aggregation out of two-dimensional lattice. However, in 2004 Geim 

and Novoselov from Manchester University successfully prepared one layer graphene 

sheet by “Tear tape/microfolitation” method, which is currently considered the world's 

thinnest material with only one carbon atom layer. Different from all other known 

materials, graphene is not only highly stable but also its electrical conductivity is very 

high. In addition, one layer graphene sheet can be employed as a heat conductor 

because it has much stronger thermal effects than any other materials. 
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Graphene as a novel carbonaceous nanomaterial has impressively theoretical surface area of 

2600 m
2
/g [30], making it highly attractive as a high-surface area 2D photocatalyst 

support. It has high mechanical strength (1060 GPa), high thermal conductivity (∼3000 Wm
-

1
K

-1
). In addition, high quality graphene sheets permit ballistic transport, meaning that 

electrons can travel without scattering at motilities exceeding 15,000 m
2
 V

-1
 s

-1
 at 

room temperature, making them potentially ideal electron transfer bridges[31-34]. 

Because graphene has a hexagonal honeycomb network structure, the sp
2
-bonded carbon 

lattice can have numerous outstanding electronic and spacious delocalized π-bonds which 

enhance its structural stability and current conductivity capacity [35]. Because of those 

characteristics, graphene recently attracts many people in theory and application fields to 

investigate its chemical, structural and electrical properties.  

Graphene has outstanding electronic conduction contributed by its huge delocalized π bond; 

the internal carrier concentration is as high as 10
13

 cm
-2

. When the carrier concentration 

(electron and hole) of graphene becomes zero, a metallic quantum conductance e
- 
/h

+
 can still 

be measured.  This phenomenon reveals that even the carrier concentration is zero, graphene 

remained metal property. It was previously considered by the special structure in graphene, 

however in recent years, the attention about the disorder and other reasons led to the 

existence of the minimum quantum of conductance. At Fermi level of graphene the carrier 

(election and hole) shows a linear chromatic dispersion, the electrons velocity is about 1/300 

of the speed of light. The electronic behaviour of the Dirac equation in quantum mechanics 

describes that the electron effective quality is zero. Thus graphene is a unique quality of 

Dirac in condensed matter physics[36]. In fact, graphene is not a 2-dimensional flat 

material [37]. Wang et al. stated that corrugation and scrolling (Fig 2.4 (A)) are part of the 

intrinsic nature of grapheme nanosheets (GNS), because  the 2D membrane structure 

becomes thermodynamically stable via bending[38].  Calculations show that, for limited 
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systems, the long-range ordered structure of graphene will fluctuate in 3-dimensional space in 

order to dissipate some of the energy fluctuation (Fig 2.4 (B)). 

 

 

 

Figure 2. 4 (A)One atomic lay graphene can be considered as the element of carbon nano-tube and Fullerene[39]. 

(B) graphene sheet with surface vibration. 

  

Currently there are many methods to produce single graphene sheet: (a) micromechanical 

cleavage, which can produce graphene sheets in very limited quantities, (b) epitaxial growth 

of graphene films, and (c) chemical processing to synthesize graphene, which involved 

graphite oxidation, exfoliation and GO reduction. Among them, the chemical approach is 
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usually thought as the most suitable method toward producing graphene sheets in a large 

quantity. In addition, graphite powders are usually used as raw materials for bulk production 

of graphene sheets[38]. Initially Andre and Novoselov adopted microfolitation method to 

split single graphene sheet from graphite crystal surface[31], they adopted mechanical 

force to peel graphene layers and transferred to the carrier on the silicon oxide crystal 

surface. This method can prepare micron size graphene, however, it is difficult to 

achieve large-scale synthesis because the unpredictable control process. In 2004, Heer 

[40] make an achievement of epitaxial growth of graphene structure on the SiC 

surface. This sort of loaded graphene can be created directly through the lithography 

process in electronic devices[41]. However the SiC crystal surface will prone to 

reconstruction in the high-temperature heating process which leads more complex of 

surface structure. So the large scale and uniform thickness graphene is different to 

obtain through this method. In contrast, chemical vapour deposition method (CVD) is one 

efficient method to produce and control structure of single layer graphene [42].  It selects 

metal single crystal or metal film as a substrate, on its surface carbon compounds can be 

absorbed and decomposition under high-intensity thermal treatment, in which carbon 

compounds play as graphene precursors. Many infections such as substruction selection, 

growth temperature and different carbon precursors can adjust the graphene production, so 

CVD graphene process attracted more and more researchers. In laboratory, Hummer method 

is the most common way to obtain graphene particle, graphite is oxidised by strong oxidants 

such as concentrated sulphuric acid, potassium permanganate or sodium nitrate in an aqueous 

system to be graphene oxide (GO) suspension (Fig 2.5 (A)). Under ultrasonic treatment, GO 

has the tendency to change to single layer graphene much easily (Fig 2.5 (B) because oxygen  

functional groups graft onto the graphene surface[43]. In addition the oxidation time for GO 
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synthesis simply affects the proportion distribution of graphene sheets of different 

oxygenation levels[44]. 

 

 

 

Figure 2. 5 (A)Graphene oxide (GO) sheet; (B) Epoxy and hydroxyl will be utilized for “exfoliation” 

process[44].     

 

Graphite oxide, formerly referred as graphitic oxide or graphitic acid, is a compound of 

carbon, oxygen, and hydrogen in variable ratios. In fact, GO has a layered structure and 

various functional groups such as epoxy and hydroxyl groups which are attached to the basal 

planes and carboxylic on the edge planes[45]; it can also be used as an adsorbent. Seredych 

and Bandosz investigated the removal of ammonia in gas by GO via its intercalation and 

reactive adsorption[46]. They believed that the acid-base interactions with surface functional 

groups located at the edges of the carbon layers can remove ammonia and present the basic 

property. Matsuo et al. found that the amount of formaldehyde adsorbed on this adsorbent 

was much higher than that on activated carbon[47], although water molecules were pre-

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Hydrogen
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adsorbed before. Thus GO will also be good at adsorption of other compounds in water due 

to its hydrophilic/hydrophobic change. Graphene oxide has obvious different electronic 

conductivity comparing with naked graphene. Based on the theoretic calculation from Ito et 

al., graphene has 0 eV band gap but graphene oxide can converse its gap band by oxygen 

contented ratio [44, 48, 49]. Graphene oxide with the oxygen uptake increasing from 0 to 0.5 

ML (O / C = 50%), its band gap has changed from 3.39 eV (semi-metal transition) to 

complete more than 5 eV (insulator). When the O/C ratio is 25% graphene oxide has 

transformed from a conductor to insulator[50]. The environment also can modify graphene 

electronic property, H2O and NO2 accept electrons from the graphene resulting in p-type 

doping of graphene [51]. Although some researches indicate that the band gap of graphene is 

also influenced by its nanoribbons width, there will be a decline in semiconductor gap[52]. 

Previously the change of optical property has been suggested as a partial restoration of the 

network within the carbon structure and has been observed through chemical reduction of the 

GO sheets[53]. 

The electronic property of GO has been widely studied. Yeh et al. studied graphene oxide  as 

a semiconductor showing photocatalytic activity[44]. Based on XPS, optical absorption 

spectra, electrochemical measurements, it was explicitly indicated that graphene oxide as a 

semiconductor is ascribed by the oxygen functionalities which reduced the symmetry of the 

π-π* system to open the gap. The top energy level of the valence band was changed to the O 

2p orbitals. The band energy is eligible for water splitting (the conductor band energy is from 

-0.71 to -0.75 and the valence band energy is from 1.6 to 0.75). Although graphene oxide is a 

p-semiconductor, the gap energy is modifiable because oxygen content can be changed. The 

Fermi level of the GO specimens shows a positive shift with the population of oxygen 

functionalities on the graphene layers. After illumination the oxygen functional groups will 

dislocate. The electronic and photocatalytic analysis of GO demonstrated that GO has a 
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conversable feature for its electronic properties and can serve as an effective media for 

photosynthetic reactions including water splitting[49]. 

In a recent study it was found that GO has a magnetic property. The magnetism is not 

common for the light p-block elements [52]. Some reports have predicted ferromagnetic 

ordering could exist among various defects on graphene structures, such as vacancy, 

topological defects or frustration, and hydrogen chemisorption or perhaps the edge. 

Graphene-like character [54] originates from the carbon π-electron system rather than from 

possible d-element impurities. An alternative approach considers the effects of edges of 

graphene nanostructures which can be conveniently modeled using one-dimensional periodic 

strips of graphene. Such models are commonly referred to as graphene nanoribbons. There 

are two high-symmetry crystallographic directions in graphene, armchair and zigzag[55] in 

Figure 2.6. Graphene nanoribbons were theoretically predicted and experimentally confirmed 

to exhibit semiconductivity if they had narrow widths and smooth edges.[56, 57] 

 

Figure 2. 6  Two kinds of defect overlap graphene sheet: zigzag and armchair 
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Son et al. predicted that external electric fields induce half-metality in zigzag graphene 

nanoribbons. The intriguing magnetic properties of graphene nanostructures may find 

applications in spintronics[58]. This kind of magnetic behavior may be ascribed to itinerant 

electron magnetism rather than superexchange magnetic coupling interaction between spins 

like molecule-based magnets[55]. This property makes carbon nanomaterials promising for 

transport of spin-polarized currents and for spin-based quantum information processing[59]. 

In addition, some researches indicated there is less trivial over hexagonal fragments with 

edges cutting along the same zigzag direction. It has been shown theoretically that above the 

critical size the system undergoes a transition into a broken-symmetry antiferromagnetic 

state[60]. The low-energy states are localized at the edge and decay quickly in the bulk 

graphene. High density of low-energy electronic states supported a possibility of magnetic 

ordering. Recently many of reports have pointed out that even untreated graphite exhibits 

ferromagnetism[61] . 

 

2.7 Graphene -TiO2 (ZnO) for photo-catalytic degradation of 

dyes  

Numerous studies have been reported in the last decades on the photo degradation of organic 

compounds using semiconductor particles as photocatalysts[62, 63]. However, less than 5% 

of the solar energy (λ < 385 nm) can be used, the fraction of this energy harvest is quite 

limited by current photocatalytic materials. To utilize more effectively the inexpensive and 

inexhaustible energy of solar radiation reaching the surface of the earth, low cost and 

nontoxic photocatalysts with more efficient photocatalytic activity and high stability are 

sought, however, no such a material or system currently satisfy  all these requirements [30]. 
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 It is well known, two challenges restrict the development of photo-catalyst technology; 

firstly most of sensitive semiconductors have slow quantum efficiency, in other words, the 

ratio of IPCE (Monochromatic Incident Photon-to-Electron Conversion Efficiency) is 

extremely low which can be attributed to high recombination speed between photon and 

electron on conduction band and valence band. Secondly, majority of semiconductors can 

only be triggered under short wavelength illumination due to the high band gap between 

conduction bands and valence bands. However, a carbonaceous nanomaterial, graphene, can 

modify the light sensitive particles.    

 

 Many researchers indicate that graphene, graphene oxide or reduced graphene oxide (RGO) 

can be adopted as coupling or doping compounds with the photo sensitive semiconductors 

such as TiO2, ZnO and so on[12, 28, 45, 53, 63-75].  TiO2 particles are well known to be one 

of the highest effective photocatalyst in degradation of dye pollutants and other organic 

pollutants, however its high trigger photo energy and high recombination ratio impede its 

utilization[76]. So visible light responsive modification to TiO2 through GO/graphene is an 

attractive route to treat water pollution [77]. 

The mechanism of inorganic element dopants such as graphene with ability to enhance the 

visible light sensitivity is not yet well known. The valence and conduction bands of TiO2 are 

mainly formed due to the major contribution by completely filled oxygen 2p orbital and the 

empty Ti 3d orbital, respectively. Some studies and literature on hetero-atom doped TiO2 

support the observation that, due to energy equality, the 2p orbital of the doped carbon atom 

are significantly interacting with O 2p orbital and contributing to the valence band formation, 

thereby the band width of the valence band decreases significantly[78-80]. The enhancement 

was also ascribed to the giant two-dimensional planar graphene structure favouring 

adsorption, which can suppress electron–hole recombination due to the high electrical 
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conductivity. Enhancement was also attributed to extension of light absorption to longer 

wavelengths in the visible range due to the high transparency and band-gap narrowing 

resulted from the presence of Ti–O–C bonds similar to the case of C-doped TiO2 (Figure 2.7) 

[30, 68]. 

 

Figure 2. 7 Schemes illustrating the possible changes that might occur to the band- gap electronic structure of 

TiO2 on doping with carbon (or other non-metals). (a) band-gap of pure TiO2, (b) doped TiO2 with localised 

dopant levels near the VB and the CB, (c) band-gap narrowing resulting from boarding of the VB, (d) localised 

dopant levels and electronic transitions to the CB, (e) electronic transitions from localised levels near the VB to 

their corresponding excited states for Ti+3 and F+ colour centres, (f) sanitization by smaller band-gap 

semiconductor [30]. 

Although some theories indicate that the cooperation between graphene and TiO2 makes 

band-gap narrowing occurring, leading to a red-shift in photoactive wavelengths, there are 

currently other different interpretations of the role of the carbon atoms, and the manner and 

magnitude by which the band-gap is reduced, as well as the magnitude of carbon doping 

induced shift in absorption threshold to vary from as little as 0.1 to as much as 1.05 eV[30].    

 

The bridged 2D graphene sheets as highly conducting materials have an excellent electronic 

conduction in flat and can well serve as the acceptor and transporter of the photo-excited 

electrons in the graphene sheet loading TiO2. This function of the graphene decreased the 

charge-transfer resistance and consequently improved the photo-electrochemical performance 

of the Graphene-TiO2 particles [41, 68, 81, 82]. Similarly, in graphene oxide loaded TiO2 

composites the excited electron from TiO2 can quickly transfer from the conduction band of 

TiO2 to the GO/graphene, the electrons have more opportunity to expose to pollutants and 
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keep stable condition with high potentials, which effectively suppresses the recombination of 

photo-generated charge carriers and transforms into high energy radicals in the same time 

leaving more charge carriers to form highly reactive species and promote the degradation of 

dyes [68]. It is accepted that graphene has a function which enables an easy and fast transfer 

of conduct band electron of TiO2, similar to that of noble metal in TiO2 lattice[83]. Valentin 

et al. [84] claimed that under conditions of low oxygen concentration, C substitution for 

oxygen (C@O) and formation of oxygen vacancies is favoured, whereas oxygen rich 

conditions favour interstitial C atoms and/or substitution for titanium (C@Ti). Yang et al. [85] 

also found that the variation in the band-gap for C@O substitution in TiO2, and the 

introduction of spin-polarized gap states of C 2p orbital. For C@Ti, spin-polarized states 

were not introduced, but the band-gap was reduced by 0.18 eV and 0.3 eV in anatase and 

rutile TiO2, respectively. 

The reduction of graphene oxide can lead to surface defects on the 2-dimentional graphene 

sheets, those defects are assumed to increase the amount of hole in composite which can 

adjust the percentage of hole and electron, reducing the recombination speed between them. 

Additionally the defects can destruct the crystal surface and produce a tendency as 

formulated below:  

                                         O2
2- 

+ h
+
 → O

- 

                                         O
- 
+ h

+
 → O

. 

                                         O
- 
(ads) +  → O

. 

                                         O
- 
(ads)+ H2O → O

.
 (ads) + OH

-
(ads) 

Thus, the absorption capability of the catalyst onto dissociative oxygen atoms and aromatic 

organic contamination will be increased [68, 86]. 

It is proposed that graphene-based  photocatalysts can be prepared at fairly low temperatures 

Jiang et al.[45], investigated azo dye degradation on a TiO2-graphene composite. (NH4)2TiF6 
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was adopted as a TiO2 precursor and H3BO3 was employed as a reductant. However, 

graphene has low solubility in water and polar organic solvents and the strong van der Waals 

force makes graphene aggregating [38, 87, 88]. The hydrophobic/hydrophilic incompatibility 

between graphene and inorganic compounds (especially metal oxides) makes it difficult to 

directly deposit metal oxides on graphene[45, 89]. Graphene oxide with oxygen-containing 

groups can interact with titanium hydroxide by hydrogen bonds [90],  leading to self-

assembling of TiO2 particles to anchor on graphene oxide surface. XPS analyses found that 

there is new bond between graphene and TiO2 particle. Calcination temperature affects the 

photocatalytic activity of graphene loading TiO2 composites. When the calcination 

temperature is increased from 100 to 200 ℃ there is a weak tendency of degradation ability 

whereas the activity is higher at 250 ℃. In general cases the calcination temperature is much 

higher [91].  It is believed that high temperature will result in the partial combustion of 

graphene oxide, causing partial destruction of the composite structure which is unmerited for 

photo-degradation[45]. However, the black graphene oxide sheets in the composite will 

increase photo absorbing and scattering, leading to a weak photocatalytic activity of the 

composites when the graphene oxide content was too high. In general, graphene oxide based 

TiO2 composite exhibited excellent photocatalytic ability for the oxidative degradation of 

organic pollutants such as methyl red, orange G, methyl blue, methyl orange,  furthermore it 

also showed  a strong photocatalytic activity for the reduction of  toxic Cr(VI) to Cr(III).  

Hou et al.[92] reported a novel 3-D hydrogenated photocatalyst within titanium dioxide (P25) 

graphene and carbon nanotube (Figure 2.8).  In this procedure  the authors employed L-

ascorbic acid and hydrazine for RGO production, which could gradually restored strong π-π
*
 

interaction among the reduced graphite oxide sheets[93]. During the reduction, the π-π
*
 

conjugated structures of reduced GO sheets are increased and the amount of the π-π stacking 

increases. The particle overlaps or coalesces of flexible graphene sheets form the 3D 
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structures. The cooperation could dramatically enhance photo degradation organic pollutants 

[94].  In this TiO2–C composite, graphene could play a role as an acceptor of the 

photogenerated electrons and ensure fast charge transfer (to suppress charge recombination) 

in view of its high conductivity, leading to an enhancement in the photocatalytic 

performance[95]. Carbon doping strongly affects the light absorption of photocatalysts and 

there is a red shift in the absorption edge from 385 to 405 nm of P25 sample, which plays an 

important role in the visible light photocatalysis. These functional groups on the edges of 

graphene oxide can act as anchor sites[96] and metallic ions will be adsorbed onto the 

surfaces of GO sheets due to their bonding with the oxygen atoms of the negatively charged. 

 

Figure 2. 8 Schematic diagrams for illumination the charge behaviour at interfaces in 2D P25-graphene sheet 

and 3D-graphene network [92] 

Same as TiO2, zinc oxide is also a photocatalyst because of its strong oxidizing power, non-

toxic instinct, and low cost. ZnO is a wide band-gap semiconductor (3.37 eV) with a 

conduction band edge located at approximately the same level as that of TiO2. More 

attractively, the electron mobility of ZnO has been proven to be higher than that of TiO2 [97]. 

Graphene doped ZnO nanoparticles are useful to extend the light absorption or suppress the 

electron–hole recombination [98]. 

Li et al. [96] synthesised a system of flower-like ZnO nanoparticles  anchoring on GO sheets 

and  utilized for photocatalytic degradation of organic dyes in aqueous system with visible 
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light. In a typical process, ZnCl with exfoliated GO suspension was mixed in ethanol and 

sodium hydroxide solution, and then the particles were annealed at 400 ℃. In the UV-

spectrum analysis, the ZnO/GO composite shows absorption in the whole visible region 

(Figure 2.9).  

 

Figure 2. 9 UV-Vis diffuse reflection spectra of pure ZnO and ZnO/GO nanocomposite 

ZnO/GO nanocomposite was found to exhibit very prominent photocatalytic efficiency, and 

98.1% of MB was photodegraded from the aqueous solution after visible-light irradiation for 

40 to 60 min (MB initial concentration, 5.0 ×10
-5

 mol/L; 100 mL). GO as electron collector 

and transporter is responsible for the enhanced photocatalytic performance under visible light. 

If GO sheets were used as photocatalysts, however, very slow reaction rate was observed. 

ZnO containing graphene photocatalyst can be incorporated with magnetic material. In this 

way, the catalyst could possess high photocatalystic behaviour with magnetic separation in a 

suspension system. Fu and Wang [99] prepared ZnFe2O4 nanocrystals coupling onto 

graphene sheets by a one-step hydrothermal method. In a typical process, GO powder, 

absolute ethanol, Zn(NO3)2
●6H2O and Fe(NO3)3

●3H2O were vigorously stirred together to 

synthesise a stable bottle-green homogeneous emulsion, under hydrothermal treatment at 
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180℃. Different proportions of particles were collected by filtration. In this case, GO was 

reduced to RGO without strong interaction with ZnO and Fe2O3, O 2p orbitals in ZnO and Fe 

3d vacancy orbitals were assumed to attribute to photoexcitation. The UV-visible diffuse 

reflectance spectra showed an absorption sharp edge at 700 nm and band gap energy was 

estimated to be 1.90 eV. As a result, the significant enhancement in photoactivity can be 

ascribed to the efficient separation of photogenerated carriers in the ZnFe2O4-graphene 

coupling system, and graphene plays an important role as a supporter and carrier.  

 

Ji et al. [100] proposed the dye with photo-electronic property is usually easier to excite than 

ZnO at upper wavelength 420 nm. Photo–electron will transfer to the conduction band of 

ZnO. The electron is trapped by surface to generate various reactive oxidations, which 

accelerates the dye self-degradation [101].  Li et al. [102] generated a ZnO@GO 

photocatalyst using raw GO and Zn(AcO)2
●3H2O.  The excited dye can inject electrons to 

graphene or graphene derivatives. In photocatalytic degradation of RhB under UV-visible 

light irradiation, the degradation process was completed within 120 min on the naked ZnO 

particle. However, the degradation of RhB was completed within 60 min in the presence of 

the ZnO@GO.  

 

Ta2O5 as a semiconductor has been intensively studied. Recently it has been investigated as 

an efficient photocatalyst for decomposition of VOCs, water splitting into H2 and O2, and 

CO2 reduction. Ta2O5 and derivatives have been thought as new photocatalysts with a redox 

potential at 2.8 eV.  Murase et al.[103] calcined Ta2O5 particle in NH4OH in order to dope 

nitrogen element into Ta2O5 lattice. Nitrogen substituted the oxygen element and the 

nitrogen-doped Ta2NxO5-x could have photo-excitation under visible radiation. In UV-Vis 
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absorption spectra, it was found that N-dopant could affect the band gap energy and shift 

location of sharp edge (Figure 2.10).  

 

Figure 2. 10 UV-Vis absorption spectra of Ta2O5, Ta2O5-xNx, and TaON powders. (a) x = 0 (600 °C, air), (b) x 

= 0.10 (600 °C, NH3), (c) x =0.17 (620 °C, NH3), (d) x = 0.24 (650 °C, NH3), (e) x = 0.35 (700 °C,NH3), (f) 

mixture of TaON and Ta2O5 (800 °C, NH3), and (g) TaON phase, TaO1.40N0.60 (850 °C, NH3)[103]. 

Furthermore nitrogen-doped Ta2O5 can decompose organic compounds under UV and Vis 

light irradiations. It is potential that Ta2O5 could also be modified by graphene oxide.  

However, no such investigation has been reported. 

 

2.8 Conclusion 

 Organic water pollutants have threatened humans. Novel photo-degradation technology 

provides an alternative method to resolve this problem by using photo-sensitive 

semiconductors and solar energy, which could decompose organic compounds into CO2 and 

H2O. However, most photo-catalysts possess high band gap energy  and low efficiency, 

which could be attributed to low surface area of catalyst, low absorption ability, unstable 

electronic structure of corrosion.  



 
39 

 

Many strategies to modify a photocatalyst in order to increase its light absorption capacity, 

stabilization, and photoreaction efficiency, for instance: ion doping, dye sensitization, noble 

metal doping, and electron scavenger and so on. It is believed that organic or inorganic 

materials can be used to adjust the band gap energy of a photocatalyst. 

Graphene is a new carbonaceous nanomaterial with one carbon layer structure, and with 

special photo and electric property. Because of special electronic properties, high surface area, 

and super stability, graphene doped photocatalysts are good at visible light absorption, low 

recombination of electron-hole pair and adsorption of a pollutant. Graphene doped 

photocatalysts can be used in water purification for organic depollution. 
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3 Graphene facilitated visible light photodegradation of 

methylene blue over titanium dioxide photocatalysts 

 

Abstract 

Graphene-TiO2 composites (G-TiO2) were synthesized by a sol-gel method using titanium 

isoproproxide (or P25) as Ti-precursors, and reduced graphene oxide (RGO). The structural, 

morphological, and physicochemical properties of the samples were thoroughly investigated 

by means of X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), field 

emission scanning electron microscopy (FE-SEM), UV-vis diffuse reflectance (UV-vis DRS) 

and thermogravimetric differential thermal analysis (TG-DTA). The diffuse reflectance 

spectra (DRS) studies demonstrated that there is an enhanced absorption of light absorption 

by G-TiO2 compared with that of naked TiO2. The photocatalytic activity in methylene blue 

bleaching for G-TiO2 under visible light (> 430 nm) is much enhanced. G-TiO2 synthesised 

from titanium isoproproxide presented higher activity than that of G-TiO2 (P25). 
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3.1 Introduction 

Photocatalytic decomposition of various organic compounds in aqueous solutions has been 

widely studied and many nanomaterials have been developed as photocatalysts for this 

technology [1-4]. TiO2 has been intensively investigated as a photocatalyst for environmental 

clean-up and solar energy conversion. However, TiO2 can only decompose aromatic organics 

into CO2 and H2O under UV-illumination whereas it cannot absorb visible light with 

wavelength longer than 387 nm due to a large band gap of 3.2 eV. Thus, TiO2 can only utilize 

3–5% of the solar energy that can reach onto the earth surface. The common strategies for 

extending the absorption threshold of TiO2 to visible light region include doping, coupling or 

anchoring with other organic or inorganic elements such as nitrogen, carbon, halogen, and 

metals into the titania lattice [5-9]. 

Combination of different types of carbon with TiO2 has been suggested as a promising 

method for an enhanced photocatalytic performance [10, 11]. In the past a few years, 

graphene as a novel carbonaceous nanomaterial has attracted more and more interests due to 

its chemical, structural and electrical properties. Graphene is considered as a single sheet of 

graphite which has impressively theoretical surface area of 2600 m
2
/g [10]. Because it has a 

hexagonal honeycomb network structure, the sp
2
-bonded carbon lattice can have numerous 

outstanding electronic and spacious delocalized π-bonds which enhance its structure stability 

and current conductivity capacity [12].  

Several attempts in using graphene oxide (GO) or reduced graphene oxide (RGO) for 

modification of TiO2 for photocatalytic degradation of organics have been reported[13, 14]. 

Zhang et al. [15] used a commercial TiO2 (P25) and GO to obtained TiO2-graphene 

nanocomposite. Thuy-Duong et al. [16] prepared a TiO2 (P25)-GO composite using a simple 

colloidal blending method. Liang et al. [17] reported a graphene/TiO2 nanocrystals hybrid 
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fabricated by directly growing TiO2 nanocrystals on graphene oxide (GO) sheets. The 

reported graphene/TiO2 nanocrystals hybrid has a superior photocatalytic activity over other 

TiO2 materials in the degradation of a dye of rhodamine B. Chen et al. [18] also investigated 

GO/TiO2 composites via a self-assembly method on GO using TiCl3 as Ti-precursor. 

However, using P25 to deposit on GO usually resulted in aggregation of TiO2. In addition, 

exfoliated GO exhibits poor electronic conductivity because of the interruption of the π 

system by substitution with oxygen functional groups. Therefore, a form of graphene/TiO2 

composite with high interfacial contact with graphene surface without aggregating will be 

highly in demand for an improved photocatalytic performance. The unique structure will 

facilitate the charge separation and electron transfer from TiO2 to graphene upon 

irradiation[19]. 

 we report a preparation of G-TiO2 composite using a reduced graphene oxide and a titanium 

precursor by a sol-gel method. For comparison, a G-TiO2(P25) was synthesized. These 

photocatalysts were tested in photocatalytic degradation of a dye, methylene blue, under 

simulated sunlights and visible lights.  

3.2 Experimental 

1. Materials and reagents 

Natural graphite powders (AF99, 325 mesh, 99.995% carbon content) were used for GO 

synthesis. All other reagents, sulphuric acid (95–98%, Shcarlau), KMnO4 (Fluka), H2O2 (30%, 

Biolab), were used as received. Titanium (IV) isopropoxide (TTIP) was used as a Ti-

precursor and supplied by Aldrich Chemicals with a purity of 97%. A reference material of 

TiO2-P25 was received from Degussa, Germany.  
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2. Preparation of TiO2 and G-TiO2 samples 

Graphene oxide (GO) was prepared by a modified Hummers method [20, 21] and reduction 

of exfoliated GO was obtained by hydrothermal solvation using hydrazine hydrate. Typically, 

GO (100 mg) was loaded in a 250 mL round bottom flask with 100 mL deionized water and 

subjected to ultrasonic treatment for 2 h, yielding a homogeneous yellow-brown dispersion. 

Hydrazine hydrate (1.00 mL) was then added in and the solution was heated at 100 ℃ for 24 

h. The reduced GO (RGO) was gradually precipitated as a black solid. This product was 

separated by filtration and washed with ethanol and water several times and then dried at 

80 ℃.  

For synthesis of G-TiO2, RGO powder, hexadecyltrimethylammonium bromide (CTAB, 0.5 g) 

and 30 mL ethanol were placed in a 100 mL beaker with stirring. After 30 min, titanium 

isoproproxide was dropwised into the reactor. Then 20 mL DI water was added into the 

mixture. The suspension was stirred for 8 h and dried at 80 ℃. The solid was calcined in a 

muffle furnace at 500 
o
C from environment temperature, then keep it for 5 min and cool 

down in air immediately. In G-TiO2 samples, graphene loading was kept at 1, 3, 5, and 7 wt%. 

The synthesis process is shown in Figure 3.1. Graphene loaded commercial titanium oxide 

(TiO2-P25) was also prepared by a similar method as described above using P25 powders. 

The graphene loading was kept at 3 wt%.   
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Figure 3. 1 Procedures of G-TiO2 composite synthesis. 

3. Characterization of materials 

The crystalline structure of samples was analyzed by powder X-ray diffraction (XRD) using a 

Bruker D8-Advance X-Ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) operated at 

40 kV and 30 mA, respectively.  FTIR analysis was performed on a Perkin-Elmer Model 

FTIR-100 with a MIR detector. UV–vis diffuse reflectance spectra (DRS) of samples were 

recorded on a JASCO V670 spectrophotometer with an Ø 60 mm integrating sphere, and 

BaSO4 as a reference material. Field emission scanning electron microscopy (FE-SEM), 

performed on Zeiss Neon 40EsB, was used to evaluate the morphology, size and texture 

information of the samples. Thermogravimetric-differential thermal analysis (TG-DTA) was 

carried out on a TGA/DSC 1 instrument of Mettler-Toledo under air flow at a heating rate of 

10 ºC/min. 

 

4. Photocatalytic tests 

Photocatalytic performances of various catalysts were evaluated by the photodegradation of 

methylene blue (MB) under either artificial solar light or visible light. In a typical process, 

aqueous solution of MB (10 mg/L, 200 mL) and the photocatalysts (100 mg) were put into a 

1- L double-jacket cylindrical reactor with cycled cooling water (25 ℃) and stirring. The 
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photoreaction vessel was positioned 30 cm away from the radiation source with a cut-off 

filter. Two light sources were applied. One is UV-vis light with intensities at 2.31 μW/cm
2 

(220-280 nm), 6.94 mW/cm
2 

(315-400 nm), and 129.3 mW/cm
2
 (400-1050 nm). The other is 

visible light with an intensity of 84 mW/cm
2
 at 400-1050 nm. The reaction solution was 

firstly kept in dark and stirred for 30 min. The photocatalytic reaction was started by turning 

on the halogen lamp. At given time intervals, the dispersion was centrifuged and the MB 

solution was analyzed by a JASCO UV-vis spectrophotometer at a wavelength of 664 nm.  

3.3 Results and Discussion 

 

Figure 3.2 shows XRD patterns of various TiO2 and G-TiO2 samples. G-TiO2 and G-P25 

showed different patterns owing the different crystalline structures of G-TiO2 (anatase) and 

G-P25 (30% rutile and 70% anatase). For synthesized TiO2 and G-TiO2, X-ray diffraction at 

25.4, 37.8, 48.0, 54.3, and 62.7º corresponded to characteristic peaks of crystal planes (101), 

(101), (004), (200), (211), (204) of anatase, respectively  [22], suggesting a pure anatase 

phase of TiO2.  Meanwhile, P25 and G-P25 showed mixed crystalline phases of anatase and 

rutile. A comparison of P25 and G-P25 suggests that addition of graphene can not change 

crystalline structure of TiO2. The Scherrer equation[24] was used to estimate the size of 

crystallites of G-TiO2 samples and the particle diameter was obtained at about  86 - 91 nm. 
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Figure 3. 2 XRD patterns of P25, G-TiO2 and G-P25. 

 

FTIR spectra of GO, graphene, G-TiO2-3% before and after calcination were presented in 

Figure 3.3 the characteristic peaks of GO, including O–H stretching at 3000 cm
-1

, C-O 

stretching at 1030 cm
-1

, and C-OH stretching at 1165 cm
-1

, were clearly observed, which 

suggest the presence of hydroxyl, carboxyl and oxygenation function groups. For the RGO 

sample, the bands associated with the oxygen functional groups were entirely eliminated. The 

OH band also disappeared due to thermal treatment and hydrophobic surface of graphene [25, 

26]. However a new absorption band at 1500 cm
-1

 could be identified, which was attributed 

to the skeletal vibration of the graphene sheets [27]. For G-TiO2-3% skeletal ring vibrations 

of domains are observed around 1616 cm
-1

, which indicates the presence of Ti-O-C stretching 

[28-30]. 
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Figure 3. 3 FTIR spectra of GO (1), RGO (2), G-TiO2-3% before calcination (3) and G-TiO2-3% after 

calcination (4). 

Figure 3.4 shows the TG-DTA curves of GO, RGO, G-TiO2-3% before and after calcination. 

Weight loss below 110℃ was observed, contributed to desorption of water. The hydrophilic 

property of carbon hexagonal network would be destroyed, and hydroxide functional groups 

in titanium dioxide would be decomposed since 80 ℃. TG results exhibited two obvious steps 

of mass loss, the first one was due to the removal of oxygen-containing groups accompanied 

by the liberation of COX and H2O species from about 300℃ to 550℃[31], and the second was 

owing to carbon combustion with a sharp exothermic peak at 580 ℃ in DTA curve. The RGO 

decomposition temperature is much higher than graphene oxide. The poor stability of GO 

was attributed to the hydroxyl and carboxyl groups that may reduce the oxidation activation 

energy surrounding the signal graphene sheet.  

G-TiO2-3% dried gel did not show such clear steps of mass loss compared with the graphene 

oxide. Two weak exothermic peaks were observed at 160 and 300 
o
C, respectively, due to 

desorption of water, ethanol, hydroxyl groups and decomposition of organic precursors from 

hydrolysis. The exothermic peak at about 450 ℃ was due to the combustion of organics. The 

broad peak at about 580 
o
C arose from decomposition of graphene. For RGO@TiO2-3% 
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sample, the mass loss was much less than the associated dried gel. The weight content of 

reduction of graphene oxide in the composite was evaluated to be 3.8%. The chemical bonds 

formed via the calcination were expected to play an important role in the photo degradation 

[32]. 
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Figure 3. 4 TG-DTA spectra of GO, RGO, G-TiO2-3% before and after calcination. 

Figure 3.5 displays the SEM images of RGO, G-P25-3% and G-TiO2-3% to evaluate their 

morphologies. It was found many layers of graphene sheets appear in RGO. For G-P25-3%, it 

was observed that titania nanoparticles were attached onto the surface of RGO sheets and 

they were intercalated between the graphene “Sandwich” constructed in an aggregation. P25 

nanoparticles are in a diameter of 20–40 nm. No single RGO sheet was observed in G-P25-

3%. For G-TiO2-3%, large aggregated TiO2 particles with diameter of 100-200 nm were 

cooperated on graphene sheets. That is because Ti precursor was much easier to be absorbed 

onto the RGO sheet surface than P25.  
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Figure 3. 5 SEM images of (A) RGO sheet (B)G-P25-3% (C)G-TiO2-3% in 2 μm (D)G-TiO2-3% in 300 nm 

 

Diffuse reflectance spectra of P25, synthesized TiO2, G-P25-3% and G-TiO2-3% are shown 

in Figure 3.6. After integration of RGO, the thresholds of G-TiO2-3% and G-P25-3% 

photocatalyst were extended visible light region. The Kubelka-Munk equation, αhν = B (h/λ-

Eg) n (n = 0.5 for indirect transition), was used to estimate the band gap energies. When hν 

extrapolated to (αhν)-n = 0 represents the absorption band gap energy. The band gap of P25 

is 3.15 eV, compared to the prepared anatase TiO2 of 3.19 eV. The band gap was 

significantly narrowed to 2.98 eV and 2.80 eV by the two types Graphene modified sample. 

The greater band gap narrowing is possibly attributed to the Ti-O-C bonds from hydrolysis of 

Ti-precursor which built new molecular orbital and narrowed the band gap [33, 34].  
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Figure 3. 6 UV-vis diffuse reflectance spectra of P25, TiO2, G-TiO2-3% and G-P25-3%. 

 

Figure 3.7 shows the efficiencies of various photocatalysts in MB degradation under either 

UV-visible or pure visible light irradiations. Under UV-vis lights, the artificial titanium 

dioxide demonstrated a high activity in MB degradation. 98% MB degradation was achieved 

at 90 min. Meanwhile, G-TiO2 (P25) showed a high adsorption of MB and it exhibited higher 

activity than TiO2 prepared. The MB degradation would be at 100% at 80 min. For G-TiO2 

catalysts, G loading significantly influenced their catalytic activities. G-TiO2-3% could 

decompose MB at 100% in 110 min while G-TiO2-5% could reach 100% MB decomposition 

at 90 min. 

Generally, the graphene modified TiO2 photocatalysts exhibited excellent performance in 

decomposition MB under visible light (wavelength longer than 420 nm). During the 

adsorption process, G-TiO2 (P25)-3% composition demonstrated significant MB adsorption 

with about 30% reduction while other catalysts showed little MB adsorption. Under the 
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visible light radiation, P25 presented little MB degradation, due to its low visible absorption. 

G-TiO2(P25)-3% showed MB degradation with MB reduction from 70% to 40% in 90 min.  

For G-TiO2, decomposition of MB depended on graphene loading. G-TiO2-1% showed about 

10% MB degradation in 90 min, while other G-TiO2 showed similar MB degradation. In 90 

min, about 69% MB has been degraded. In extended time, G-TiO2-3% could achieve 95% 

MB degradation in about 150 min. Fig.3.7 showed that G-TiO2-3%  presented strong visible 

light absorption and the band gaps was reduced to 2.78 eV, therefore, resulting in high 

catalytic activity in MB degradation. 
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Figure 3. 7 Photodegradation of methylene blue solutions under solar irradiations (A) and visible light (B). 

 

Increase catalyst absorptivity. MB molecules could transfer from the solution to the catalysts’ 

surface and be adsorbed with offset face-to-face orientation via π-π conjugation between MB 

and aromatic regions of the graphene (Figure 3.8), and therefore, the absorptivity of dyes 

increases compared to bare TiO2. Extend light absorption. The chemical bonds of Ti-O-C and 

good transparency of graphene render a red shift in the photo responding range and facilitate 

a more efficient utilization of light for the catalyst. Suppress charge recombination. Graphene 

could act as an acceptor of the photo generated electrons by titanium dioxide particle and 

ensure fast charge transportation in view of its high conductivity, and therefore, an effective 

charge separation can be achieved[13, 32]. 

(B) 
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Figure 3. 8 Graphene enhanced MB adsorption and decomposition 

 

Electronic scavenger technology is widely utilized in water treatment to enhance the photo- 

redox process. The photo-excited G-TiO2 sample was further tested with electronic scavenger 

assistance. Three different kinds of electronic scavengers were adopted: peroxymonosulphate 

(PMS), Peroxydisulphate (PDS) and hydrogen peroxide (H2O2). Figure 3.9 demonstrate all 

scavengers could enhance the reaction. After adsorption and desorption equilibrium (30 min), 

PDS contented system could decompose all MB in 125 min which is faster than pure G-TiO2 

decomposition behave by 15 min. PMS system could mineralize all MB in about 90 min.  

H2O2 assistance has the best consequence which can degrade all MB in 20 min. 
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Figure 3. 9 Scheme of photodegradation by G-TiO2-3% with electron scavenger assistance under visible 

irradiation. (1) PDS; (2) G-TiO2-3% only; (3) PMS; (4) H2O2.   

H2O2 is one of the used green oxidants, relevant for organic decomposition. In common cases 

a catalyst pursued to activate H2O2 to generate more reactive oxidizing intermediates. In a 

first step of oxygen reduction reaction (ORR), the moderate oxidant 
.
O2 is produced by the 

reaction of dissolved O2 with a first photoinduced electron. [H
+
] is important in the second 

step, where it helps to transfer a second electron to form H2O2 (eqn (1) and (2)). H2O2 could 

be further activated to the most reactive .OH by accepting a third photoinduced electron from 

Fenton agents due to its band positions (eqn (3)) which can mineralize organic pollutants.    

         
                        (1) 

   
                (2) 

                         (3) 

G-TiO2-3% then has been examined to react with different quantity of H2O2 into the hydroxyl 

radical (.OH), which could decompose MB dye (Figure 3.10). The system showed no 

reaction without G-TiO2-3% and visible light illumination, there was a weak decline when 
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illumination and H2O2 exist together. At all H2O2 concentration, MB degradation achieve at 

faster rate and 7 mL H2O2 methylene  blue degradation will achieve 100% in 20 min. 
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Figure 3. 10 Scheme of photodegradation by 0.1 gram G-TiO2-3% with H2O2 assistance under visible irradiation 

in different volume (a) 7 ml H2O2; (b) 7 ml H2O2 & illuminant ; (c) 1 ml H2O2, illuminant & catalyst; (d) 3 ml 

H2O2, illuminant & catalyst; (e) 5 ml H2O2, illuminant & catalyst; (f) 7 ml H2O2, illuminant & catalyst. 

3.4 Conclusion 

In this study novel graphene contented TiO2 photocatalyst been successfully synthesized. 

Graphene doped tatiana with highly photocatalytic performance under the radiation in the 

range over 410 nm. A clear red shift and obvious band gap narrow can be observed in UV-vis 

diffuse reflectance; as a result the TiO2 visible light absorption capability has been enhanced. 

The G/TiO2 catalysts exhibit high efficiency to mineralize dye methylene blue under visible 

illumination. Using Ti precursor in sol-gel synthesis will produce a better G-TiO2 

photocatalyst than G-TiO2 (P25). 
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4 One-step hydrothermal synthesis of ZnO-reduced 

graphene oxide using Zn powder for photocatalysis 

 

 

Abstract 

Zn powder was utilized as a reducing agent and ZnO precursor for one-step synthesis of 

reduced graphene oxide (RGO)-ZnO photocatalysts. Two RGO-ZnO composites were 

synthesised with or without a surfactant. The structural, morphological, and physicochemical 

properties of the samples were thoroughly investigated by X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy (FE-

SEM), UV-vis diffuse reflectance (UV-vis DRS), thermo-gravimetric-differential thermal 

analysis (TG-DTA), and Raman spectroscopy. Zn powder could effectively reduce GO to 

graphene and transformed to ZnO. RGO-ZnO photocatalysts can successfully decompose 

MB under UV-vis illumination, better than ZnO.    
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4.1 Introduction 

Graphene as a novel carbonaceous nanomaterial has a single or mutiple carbon atom layer 

with two dimensional aromatic structure, which has Young’s modulus (~1100 GPa), fracture 

strength (125 GPa), thermal conductivity (~5000 Wm
-1

K
-1

), specific surface area (theoretical 

value of 2630 m
2
g

-1
), magnetism and fascinating transport properties [1]. Those remarkable 

characteristics have stimulated wide interest in both experimental and theoretical 

investigation as well as application [1-5]. Currently, the methods for a large scale production 

of graphene have been established based on chemical reduction of graphene oxide (GO) 

using hydrazine[6], dimethylhydrazine, sodium borohydride or strong alkaline solution such 

as NaOH, KOH, NH4OH with pH value more than 10 [7].  Obviously these chemical reagents 

are toxic or harmful to the environment or human health. Wu et al. demonstrated that high-

quality graphene can be obtained by vacuum reducing GO at around 1000℃ in H2 gas. 

However this method will consume carbonaceous  material at high temperature [8]. This 

process can also be used as the efficient method to synthesise graphene sheet in a large 

scale[9] but  the quality of reduced GO(RGO) is  relied on the experimental conditions[10]. 

Semiconductors for photocatalysis are often modified by noble metals in order to improve 

electron transfer process. In this way the light absorption will be extended and the band gap 

will be narrowed to suppress the electron-hole recombination. The dopant can improve the 

stabilization of catalyst surface[1].  Zinc oxide as a typical semiconductor material can absorb 

ultraviolet (UV) light to yield photoelectrons and holes to effectively degrade organic 

pollutants [11-14].  

Currently RGO functionalised ZnO has been reported because RGO possesses the ability to 

accept the electrons, and favour adsorption of aromatic compounds due to π- π conjunction 
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[15]. Most of investigations reported to adopt zinc salts or commercial zinc oxide to 

incorporate RGO sheets [16-18]. Fan et al. have suggested to use iron powder  for reduction 

of graphene oxide  in acid solution [19].  Mei & Ouyang have reduced GO by zinc powder 

with ultrasonication assistance in HCl solution[9]. Many reports indicated that metal 

assistance for GO reduction is more effective than the other reduction process [20]. In 

addition, advanced hydrothermal method has been used  to obtain ZnO particles with narrow 

size distribution, less defect crystallization, without agglomeration and phase homogeneity 

[21, 22]. It was also been stated that graphene is poorly soluble in water and polar organic 

solvents that is easily aggregates owing to strong van der Waals force, The 

hydrophobic/hydrophilic incompatibility between graphene and inorganic compounds 

(especially metal oxides) also makes it difficult to directly deposit metal oxides on graphene. 

Thus a dispersant is usually needed to solve these problems [22, 23].  

Herein we presented a one-step hydrothermal approach to prepare RGO-ZnO composites, 

using Zn powder with a cationic surfactant, cetyltrimethylammonium bromide (CTAB) or 

without the surfactant. The photocatalysts were tested for degradation of methylene blue (MB) 

as a water organic pollutant under ultraviolet and visible radiation (UV-vis light). It was 

found that synthesis of RGO-ZnO composite could be achieved using Zn powder and GO as 

precursors. Additionally, RGO-ZnO exhibits enhanced photocatalytic performance as 

comparing with naked ZnO.           

4.2 Experimental 

4.2.1 Materials and reagents 

Graphite powder (purity 99.9995%), sulphuric acid (95–97%), cetyltrimethyl ammonium 

bromide (CTAB) was obtained from Sigma–Aldrich Corporation. Hydrogen peroxide (30%) 
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was purchased from Chem-Supply. Methylene Blue (MB), potassium permanganate, 

hydrochloric acid (32%, analytical grade) was obtained from Biolab. Zinc powder was 

obtained from Australian Metal Powders Supplies. 

4.2.2 Synthesis of Graphene-ZnO particles  

Graphene oxide (GO) was prepared by the Hummers method [23, 24]. Then GO (0.0112 

g/mL) was dispersed in aqueous solution in ultrasonics for 2 h. Two ZnO/RGO samples were 

prepared. In a typical synthesis, For 15% graphene contented G-ZnO-CTAB sample, 2 g zinc 

powder were mixed with 40 mL GO suspension (pH = 2.2), then CTAB powder was 

gradually added into the solution with its final concentration at 0.1 M. The solution was 

magnetically stirred for 2 h then transferred into a Teflon-lined stainless steel autoclave (80 

mL). Hydrothermal reactions were carried out at 195℃  for 24 h. Black sediment was 

collected and cleaned with ethanol and distilling water several times and then dried in air at 

60℃. This is referred as G-ZnO-CTAB. The synthesis diagram is presented in Figure 4.1. 

The other G-ZnO sample was synthesised in the same method without using CTAB.   

The possible processes for ZnO nanoparticle formation under hydrothermal conditions can be 

represented as follows: 
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Figure 4. 1 Procedures of G-ZnO-CTAB composite synthesis. 

 

4.2.3 Characterization of materials 

UV–visible diffuse reflectance spectra (DRS) of samples were recorded on a JASCO V 670 

spectrophotometer with an Ø 60 mm integrating sphere, and BaSO4 was used as a reference 

material. The crystalline structure of samples was analysed by powder X-ray diffraction 

(XRD) using a Bruker D8-Advance X-Ray diffractometer with Cu Kα radiation (λ = 1.5418 

Å). Field Emission Scanning Electron Microscopy (FE-SEM), performed on Zeiss Neon 

40EsB, was used to evaluate the morphology, size and texture information of the samples. 

Raman spectra were recorded on a Dilor Labram 1B dispersive Raman spectrometer by 

adopting a laser of 633 nm as incident light. TGA analyses were conducted on a TGA/DSC 1 

Thermo-gravimetric analyser supplied by the Mettler-Toledo Instrument. 
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4.2.4 Photocatalytic activity of composites 

Photocatalytic activities of G-ZnO samples were evaluated in decomposition of MB with 

ultraviolet and visible light irradiations. A high pressure Hg lamp was utilized as radiation 

source. The average intensities of the lamp were measured to be 21.31 μW/cm
2
, 6.941×10

3
 

μW/cm
2
 and 129.6×10

3
 μW/cm

2 
at

 
220-280 nm, 315-400 nm and 400-1050 nm, respectively. 

In the typical process, 200 mL, 10 ppm MB solution with 0.05 g photocatalyst particles were 

continuously stirred in a 1000 mL double-jet cylindrical quartz vessel reactor, which was 

placed 20 cm away from light source and irradiated under UV-visible light without a filter. 

The reaction temperature was controlled by recycled cooling water at 25 ℃ in a water bath. 

Concentration of MB was measured by the absorption spectroscopic technique. In a regular 

interval, 4 mL aliquots were taken from the reactor and  separated from catalyst particles in a 

centrifuge at 4700 rpm for 10 min and the absorbance was determined at λ=664 nm with a 

UV-visible spectrophotometer.  
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4.3 Characterization of Photocatalyst  
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Figure 4. 2 XRD patterns of GO, G-ZnO,and G-ZnO-CTAB samples 

 

Figure 4.2 shows XRD patterns of G-ZnO, G-ZnO-CTAB and GO. G-ZnO and G-ZnO-

CTAB demonstrated similar patterns. The reflections of ZnO in hexagonal wurtzite lattice 

(JCPDS 75-0576, a =0.3249 nm, c=0.5205 nm) can be observed. CTAB assisted 

hydrothermal method produced greater XRD intensity for ZnO[22, 25]. In addition,  

graphene oxide has been reduced dramatically because  no (002) peak of graphene can be 

observed at 2θ between 10 to 15 degree in G-Zn-CTAB sample, suggesting that CTAB is 
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able to separate graphene sheet and prevent agglomeration[26]. However, (002) diffraction of 

GO was observed on G-ZnO and the position is shifted. It suggests that there is a strong 

interaction between ZnO particle and graphene [27].  
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Figure 4. 3 FTIR spectra of GO, G-ZnO, G-ZnO-CTAB. 

 

FTIR spectra of GO, G-ZnO and G-ZnO-CTAB are presented in Figure 4.3. For GO,  strong 

O–H stretching at 3600 cm
-1

, C-O stretching at 1020 cm
-1

, and the C-OH stretching at 1160 

cm
-1

 were clearly observed, suggesting the presence of hydroxyl, carboxyl and oxygenation 

functional groups. The G-ZnO and G-ZnO-CTAB have the similar FTIR profiles. For G-ZnO 

and G-ZnO-CTAB samples, the bands associated with the oxygen functional groups were 

eliminated. G-ZnO-CTAB has a stronger stretching peak at 1060 nm
-1

 comparing with G-

ZnO, which indicates a stronger Zn-O-C combination. To introduce the acidic environment 

and CTAB can improve the reduction potential of Zn metal[19]. 
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Figure 4. 4 Raman spectra of GO, RGO-Zn-CTAB, RGO-Zn. 

 

Raman spectroscopy is widely used to study the ordered/disordered crystalline structures of 

carbonaceous materials. Figure 4.4 shows the Raman spectra of GO, G-ZnO-CTAB, and G-

ZnO. The D and G bands arise at 1325 cm
-1 

and 1580 cm
-1

, respectively on GO[28]. The tiny 

dislocation of G band of RGO-Zn and RGO-Zn-CTAB samples suggested more defects and 

heteroatom implanting. The increasing of peak intensity ratio of ID/IG indicated a decline in 

the average size of the sp2 domains [29] and more defect being created[30-32]. The similar 

2D peaks of ZnO containing samples indicate that the graphene stack structure has not 

changed with or without CTAB[33].    
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Figure 4. 5 TG-DTA spectra of GO, G-ZnO, G-ZnO-CTAB samples. 

 

TGA is a widely used method to characterize particle thermal stability. Figure 4.5 reveals the 

TG-DTA curves of GO, G-ZnO and G-ZnO-CTAB. For GO, TG curve exhibited two steps of 

weight loss. The first one was due to the removal of oxygen-containing groups, which is 

accompanied by the liberation of COX and H2O species at about 120 ℃[6]. The second step 

was owing to combustion of carbon structure; there is a sharp exothermic peak at 580 ℃ in 

DTA curve. In the curves of G-ZnO and G-ZnO-CTAB, there is about 20% weight loss in 

total and there are two mass-loss steps at different temperatures. The DTA curve of G-ZnO-

CTAB did not demonstrate an exothermic peak at about 580 ℃, which appeared in G-ZnO 

sample.  
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Figure 4. 6 UV-vis diffuse reflectance spectra (A) and the (ahv)
2
 vs hv graph(B) of ZnO , G-ZnO, G-ZnO-

CTAB . 

 

Figure 4.6A reveals UV-vis diffuse reflectance spectra of synthesised ZnO and ZnO-

graphene samples. All samples have a strong absorption edge before 400 nm. The ZnO 

(A) 

(B) 
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showed gradually reduced absorption in visible-light region while other two ZnO-graphene 

samples demonstrated strong and stable absorption in the visible region. The curves of (αhv)
2
 

versus hv (Figure 4.6B) for band gap calculation indicated that the band gap of three samples 

did not change significantly. The band gap of ZnO is 3.13 ev. In contrast, G-ZnO 

photocatalysts exhibit slightly smaller band gaps energy.  The band gap energies for G-ZnO-

CTAB and G-ZnO are 3.10 and 3.03, respectively.      

 

 

 

Figure 4. 7 SEM images of ZnO prepared (A, B), G-ZnO (C, D), and G-ZnO-CTAB (E, F). 
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The band-gap energy of ZnO was not modified significantly because of ZnO/RGO interposed 

structure [34], which  restricts the interaction of ZnO and graphene. Fu [12] has found that 

ZnO and GO-Zn particle have similar absorption edge. It is also accepted that graphene sheet 

will enhance visible light absorption but weak absorption in ultraviolet light[35] .            

Figure 4.7 shows SEM images of ZnO, G-ZnO and G-ZnO-CTAB. Figure 4.7 (A,B) shows 

that most of ZnO presents in hexagon with particle size at 200 nm. Few larger particles are 

also found. However, ZnO morphology changed on G-ZnO samples (Figure 4.7 C,D,E,F). 

Obviously many layers of graphene sheets can be found in G-ZnO samples, because GO 

could be well dispersed in aqueous solution of CTAB[36]. For G-ZnO and G-ZnO-CTAB, 

ZnO nanoparticles were anchored onto the surface of RGO sheets and they were intercalated 

between the graphene “Sandwich” aggregations. There are some hexagonal ZnO particles 

appeared in G-ZnO-CTAB (Figure 4.7E, F), which means CTAB can effectively help ZnO 

growth on graphene sheets. 
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Figure 4. 8  Photodegradation of MB solutions under solar irradiations 

 



 
84 

 

Graphene loaded ZnO nanoparticles were tested for MB degradation under UV-visible 

illumination (Figure 4.8). Zinc oxide demonstrated no MB adsorption but activity in MB 

degradation. About 98% MB degradation was achieved in 4 h. Meanwhile, G-ZnO and G-

ZnO-CTAB showed slight adsorption of MB due to the presence of graphene sheets. MB 

degradation would be 100% at 150 min for G-ZnO catalyst, and G-Zn-CTAB could 

decompose MB at 100% in 180 min. The surface will play an important role for G-ZnO 

photocatalyst to degrade MB. MB molecules were easier to transfer from the solution to the 

catalysts’ surface with offset face-to-face orientation via π-π conjugation. Meanwhile 

graphene enhances particles to collect photo energy from light, which accelerates the 

decomposition process.    

4.4 Summary  

A one-step hydrothermal method has been successfully adopted to synthesize graphene- ZnO 

composites with high photocatalytic performance under UV-visible light. Zn powder could be 

simultaneously employed as reducing agent for GO reduction and Zn-source for ZnO 

formation. G-ZnO catalysts presented higher MB reduction under UV-visible light than ZnO. 

The G-ZnO catalyst without CTAB exhibited the best efficiency in degradation.  
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5 Ta2O5 photocatalyst with graphene dopant for methylene 

blue decomposition  

 

 

 

Abstract 

Carbon or nitrogen element was successfully doped into the lattice of tantalum pentoxide  

photocatalyst using three different compounds: ammonia, graphene and C3N4. Those catalysts 

were analysed by X-ray diffraction; UV–vis diffuse reflectance spectra and Fourier transform 

infrared spectroscopy (FTIR). Their photocatalytic behaviour was investigated in methylene 

blue decomposition. Under UV-visible illuminations, the modified catalysts could decompose 

methylene blue, showing better activity than undoped Ta2O5. However, only N-doped Ta2O5 

showed activity under visible light.   
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5.1 Background Introduction   

Since 1967, photocatalytic reaction is successfully adopted to spilt water into H2 and O2 

(Honda-Fujishima Effect), and ever since photocatalysis has been extensively studied. The 

most common photocatalyst TiO2 with a wide band gap (about 3.2 eV) can only be stimulated 

under ultraviolet (UV) illumination. To hunt for photocatalysts with visible light response 

more and more researchers focus on photocatalyst modification [1]. A photocatalyst, Ta2O5, 

with a high refractive index and high hydrophilicity has also been extensively studied. Due to 

the high oxidation potential for excitation at near- ultraviolet (UV) to infrared (IR) spectra [2, 

3] this material demonstrates better performance than TiO2 [4]. However owing to its high 

band gap (3.7 eV), it  merely responds to visible radiation [5], and the high thermal 

stabilization (it decomposes only at temperatures >1470 °C) makes its modification rather 

difficult. There are some reports  in photocatalytic performance of Ta2O5-xNx particles under 

visible light [2] [6] [7] [8, 9]. For N-modification, Ta2O5 particles or precursors have to be 

calcined in ammonia gas for more than 24 hours. But the gas leaking into the environment 

restricts this method for a wide adoption. 

Graphene is a single layer of carbon atom, tightly stacking into a two-dimensional 

honeycomb sp
2
 carbon lattice. It possesses a large surface area, chemical stability, and very 

high electron transfer, which make it as a good candidate for catalyst carrier, carbon dopant 

and photo-electron accepter [10-12]. There are many reports on graphene doped/coupled 

TiO2 compositions for organic/inorganic degradation with visible light [13-15].  

Since the single atomic layer graphene has been found, the graphene-liked single lay lattice 

compounds stimulated the intensive studying. Graphitic carbon nitride (g-C3N4) (Figure 5.1) 

is a stable, metal-free photocatalyst showing visible light response. The g-C3N4 possesses 
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dislocation inπstates, different from graphene.  The band gap is 2.7 eV with conduction 

band at -1.3 eV and valence band at 1.3 eV[16].    

 

Figure 5. 1 The g- C3N4   chemical structure[17] 

In this study, we prepared several composites based on Ta2O5.  A commercial Ta2O5 

subjected to ammonia treatment; reduced graphene oxide (RGO) and g-C3N4 doping were 

conducted. The photocatalytic behaviour was examined in decomposition of methylene blue 

(MB) under simulated sunlights and visible lights.  
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5.2 Catalyse Synthesizing  

1. Materials and reagents 

 

Natural graphite powders (AF99, 325 meshes, 99.995% carbon content) were used for GO 

synthesis. All other reagents, sulphuric acid (95–98%, Shcarlau), KMnO4 (Fluka), H2O2 (30%, 

Biolab), were used as received. Hexadecyltrimethylammonium (CTAB), commercial Ta2O5 (> 

99.99%) and melamine were obtained from Sigma–Aldrich. 

2. Preparation of G-Ta2O5 and g-C3N4-Ta2O5 samples 

 

Graphene oxide (GO) was prepared by a modified Hummers method [18, 19] and reduction 

of exfoliated GO was obtained by hydrothermal solvation using hydrazine hydrate. Typically, 

GO (100 mg) was loaded in a 250 mL round bottom flask with 100 mL deionized water and 

subjected to ultrasonic treatment for 2 h, yielding a homogeneous yellow-brown dispersion. 

Hydrazine hydrate (1.00 mL) was then added in and the solution was heated at 100 ℃ for 24 

h. The reduced GO (RGO) was gradually precipitated as a black solid. This product was 

separated by filtration and washed with ethanol and water several times and then dried at 

80 ℃.  

The g-C3N4 was prepared by melamine decomposition. Typically, 5 gram melamine were 

calcined in a semi-closed crucible in air at 500 ℃ for 30 min, and then a slight yellow product 

was grinded into powder.  

For synthesis of G-Ta2O5, RGO powder, hexadecyltrimethylammonium bromide (CTAB, 0.5 

g, which was used to accelerate exfoliation process of RGO[20]) and 30 mL ethanol were 

placed in a 100 mL beaker with stirring for 30 min.  Then a commercial Ta2O5 sample was 
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added into the solution. The suspension was stirred for 8 h and dried at 80 ℃. After that, the 

solid was calcined in a muffle furnace at 500 ℃ for 5 min and cooled down to 25 ℃ 

immediately.  

For a comparison, the commercial Ta2O5 sample was also treated in a mist of ammonia/N2 for 

30 h at 700 ℃ to obtain N-Ta2O5 particles.  

To obtain g-C3N4-Ta2O5 photocatalyst, the commercial Ta2O5 and g-C3N4 particles were 

mixed in 200 mL methanol  with vigorous stirring for 24 hours and then dried in air and 

calcined at 700 ℃ in nitrogen gas. 

3. Characterization of materials 

The crystalline structure of samples was analyzed by powder X-ray diffraction (XRD) using a 

Bruker D8-Advance X-Ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) operated at 

40 kV and 30 mA.  FTIR analysis was performed on a Perkin-Elmer FTIR-100 with a MIR 

detector. UV–vis diffuse reflectance spectra (DRS) of samples were recorded on a JASCO 

V670 spectrophotometer with an Ø 60 mm integrating sphere, and BaSO4 was used as a 

reference material. Thermogravimetric-differential thermal analysis (TG-DTA) was carried 

out on a TGA/DSC-1 instrument of Mettler-Toledo under air flow at a heating rate of 10 

ºC/min. 

4. Photocatalytic tests 

Photocatalytic performances of various catalysts were evaluated by the photodegradation of 

methylene blue (MB) under either artificial solar light or visible light. In a typical process, 

aqueous solution of MB (10 mg/L, 200 mL) and the photocatalysts (100 mg) were put into a 

1- L double-jacket cylindrical reactor with cycled cooling water (25 ℃) and stirring. The 

photoreaction vessel was positioned 30 cm away from the radiation source with a cut-off 
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filter. Two light sources were applied. One is UV-vis light with intensities at 2.31 μW/cm
2 

(220-280 nm), 6.94 mW/cm
2 

(315-400 nm), 129.3 mW/cm
2
 (400-1050 nm). The other is 

visible light with an intensity of 84 mW/cm
2
 at 400-1050 nm. The reaction solution was 

firstly kept in dark and stirred for 30 min. The photocatalytic reaction was started by turning 

on the halogen lamp. At given time intervals, the dispersion was centrifuged and the MB 

solution was analyzed by a JASCO UV-vis spectrophotometer at a wavelength of 664 nm.  

5.3 Catalysis Reaction Evaluation   
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Figure 5. 2 XRD patterns of (a) undoped  commercial Ta2O5, (b) Graphene doped Ta2O5 (c) g-C3N4  doped Ta2O5  
and (D) nitrogen doped Ta2O5 . 
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Figure 5.2 reveals X-ray diffraction (XRD) patterns of commercial Ta2O5, graphene doped 

Ta2O5, g-C3N4 doped Ta2O5 and nitrogen doped Ta2O5 photocatalyst (N-Ta2O5). It is 

observed that graphene dopant could not affect the XRD pattern of commercial Ta2O5. N-

Ta2O5 curve shows difference from Ta2O5. Some weak peaks of TaON were detected in the 

XRD analysis. Strong C3N4 peaks can be found in g-C3N4-Ta2O5 sample[21], and TaON 

peaks can also be found in the patterns. 
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Figure 5. 3 FTIR spectra of (1) G-Ta2O5, (2)N-Ta2O5 and g-C3N4 –Ta2O5 

FTIR spectra (Figure 5.3) indicate the presence of strong absorption peaks around 820 cm
-1

 to 

900 cm
-1

 corresponding to Ta-O-Ta lattice. In graphene doped Ta2O5 pattern the absorption 

band near 1640 cm
−1

 can be found, which is attributed to C–H and C=C stretching. There is 

no other peak in N-Ta2O5. In g-C3N4-Ta2O5 sample, absorption peaks could be found near 

1088 cm
-1

 to 1220 cm
-1

   which represents the aromatic C–N stretching of g-C3N4 layer. 
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Figure 5. 4 Diffuse reflectance spectroscopy of (1) g-C3N4 doped Ta2O5, (2) RGO doped Ta2O5, (3) Nitrogen 
doped Ta2O5 and (4) naked commercial Ta2O5. 

 

Figure 5.4 shows the spectra of UV-vis diffuse reflectance spectroscopy of g-C3N4 doped, 

graphene doped, nitrogen doped and naked Ta2O5 samples, which clearly indicates the effect 

of doping on the optical absorption of Ta2O5. The g-C3N4 dopant can shift the maximum 

absorption shape edge of Ta2O5 from about 300 nm to 450 nm, which is in the visible light 

region. Graphen could not make a shift of edge but it could absorb light in all region[22] and 

it also could enhance of radiation absorption of Ta2O5 in visible light. The N-doped 

commercial Ta2O5 has two absorption onsets at 330 nm and 550 nm, which suggests it could 

be excited at over 400 nm wavelengths. The naked Ta2O5 could absorb the radiation of UV 

before 300 nm. 
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Figure 5. 5 Photocatalytic degradation of MB with Commerical Ta2O5, G- Ta2O5, N- Ta2O5, g-C3N4-Ta2O5 

under UV-visible radiation; and the the MB absorption of g-C3N4-Ta2O5 particle. 

 

In the photocatalytic reaction investigation, all samples firstly have been tested under UV-

visible radiation. Figure 5.5 shows that all catalysts have a potential to mineralize the 

aromatic dye, methylene blue, in 3 hours. About 65% of MB could be eliminated by 

commercial Ta2O5. The catalyst, g-C3N4-Ta2O5 has the most powerful ability to degrade MB 

while it showed weak adsorption. N-doped Ta2O5 presented slightly lower activity than g-

C3N4-Ta2O5. The graphene doped Ta2O5 sample could decompose 85% MB in 3 hours  due to 

the strong adsorption of graphene single layer toward aromatic structure of MB[23, 24]. 
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Figure 5. 6 Photocatalytic degradation of MB with Commerical Ta2O5, G-Ta2O5, N-Ta2O5, g-C3N4-Ta2O5 under 
visible radiation. 

 

The Ta2O5 based samples were further studied under visible light (Figure 5.6), Ta2O5 and 

graphene doped sample have merely no activity under visible illumination. The nitrogen 

doped Ta2O5 has the similar MB degradation under UV-vis and visible radiation. The g-C3N4 

doped sample has weak MB degradation in 3 hours.        

The N-Ta2O5 having significant photocatalytic performance can be contributed by absorption 

edge at 550 nm in UV-vis diffuse reflectance spectroscopy which extends the absorption 

range of radiation in visible area. G-Ta2O5 has not been excited under visible light which 

indicates that there is no interaction between commercial Ta2O5, however graphene sheet has 

strong light absorption in all range but it does not have new band gap by its own.  The g-C3N4 

could enhance the Ta2O5 performance under visible weakly which was assumed that the 

photo electron from nitrogen is emitted in carbon states directly not to the orbit of tantalums.     
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Figure 5. 7 Photocatalytic degradation of MB with Commercial Ta2O5, G-Ta2O5, N-Ta2O5, g-C3N4-Ta2O5 under 

visible radiation. 

 

We also investigated the effect of calcinations temperature on catalytic performance of 

graphene doped commercial Ta2O5. The photocatalytic decomposition of MB at UV-vis light 

was demonstrated in Figure 5.7. There are no differences in activity among three samples. 

After 3 h radiation, about 80％ MB has been decomposed. 
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5.4  Results and Conclusion 

Three dopants were adopted to modify a commercial Ta2O5 in this study. Nitrogen doped 

Ta2O5 has the best performance under visible or UV-vis radiation. Graphene doped Ta2O5 

photocatalyst could not decompose MB pollutant under visible light radiation though 

graphene can enhance the light absorption at visible range of the catalyst. The g-C3N4 doped 

Ta2O5 works under UV-vis radiation but not effective as N-Ta2O5 under visible light.  
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6 Conclusion and future work 
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6.1 Concluding remarks 

The major objectives of this research were to synthesize graphene and to fabricate graphene 

doped nanoparticles (TiO2, ZnO and Ta2O5) as photocatalysts in order to test their activities 

in decomposition of methylene blue dye under visible illumination. The exfoliated graphene 

was obtained from chemical oxidation of a natural graphite powder. The graphene-like 

compound, graphitic carbon nitride (g-C3N4), was synthesized by thermal treatment of 

melamine. TiO2 was either obtained from a commercial nano TiO2 particle (P25) or 

synthesized from titanium (IV) isopropoxide by a sol-gol method. Graphene-doped TiO2 was 

prepared by a sol-gel synthesis. For graphene doped ZnO, zinc powder was used as ZnO 

precursor and GO reducing agent in one step synthesis. Ta2O5 modification was carried out 

using ammonia, RGO and g-C3N4 to obtain N-doped and carbon doped Ta2O5. Photocatalytic 

evaluations indicate that all these photoparticles could degrade organic dye MB under visible 

light or UV-visible light in aqueous solution. 

 

6.2 Effect of graphene doping on TiO2 

Graphene doped tatiana with high photocatalytic performance under visible light has been 

successfully prepared by a sol-gel method. Graphene dopant results in a strong red shift of 

UV-spectra on G-TiO2. The G-TiO2 catalysts exhibited higher efficiency in degradation of  

methylene blue under visible light than G-P25 photocatalyst. 

 

Three different oxidants were also used with G-TiO2 photocatalyst for catalytic reaction. 

Peroxymonosulphate (PMS), peroxydisulphate (PDS) and hydrogen peroxide (H2O2) could 
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enhance MB decomposition process. H2O2 presented the best catalytic performance and 

complete MB decomposition reaction could achieve in 20 min at 10 ppm MB.  

 

6.3 One step synthesis of RGO doped ZnO photocatalysts  

One-step hydrothermal method has been successfully employed to synthesize graphene-ZnO 

composites to decompose MB dye under artificial solar illumination. Zn powder was a 

reducing agent for graphene oxide and source for ZnO. The G-ZnO catalysts exhibited better 

efficiency than the artificial ZnO under the same conditions. 

 

6.4 NH4OH, RGO and g-C3N4 modified commercial Ta2O5 

photocatalysts 

The elements, nitrogen, carbon or nitrogen/carbon, were doped to commercial Ta2O5 particles 

by ammonia gas, RGO and g-C3N4. Nitrogen doped Ta2O5 particle has the best performance 

under UV-vis or visible radiation. Graphene doped Ta2O5 photocatalyst could not decompose 

MB under visible light radiation but graphene can enhance the light absorption of the new 

catalyst. The g-C3N4 doped Ta2O5 works under both UV-vis radiation and visible light but the 

degradation of MB was lower.  

 

6.5 Recommendation for future work 

All the studies were focused on photocatalyst modification by graphene or graphene-like 

dopants for aromatic organic water pollutant (MB) treatment with UV/Visible illumination. 
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All catalysts could decompose MB solution. However detailed study is further required to 

comprehensively investigate the mechanism of photocatalytic efficiency and role of carbon 

doping and its electronic property on photocatalysis. Future research is suggested as 

presented below.     

 

It is widely accepted that graphene could be obtained via natural graphite with strong 

oxidation agents such as H2SO4, HClO4, K2MnO4. However, laboratory routes involved are 

high cost, high energy consumption and safety/environment hazard. It was believed that some 

novel hydrothermal technologies could reduce the GO synthesis requirements and enhance 

the natural graphite separation in liquid. This path will greatly reduce raw material 

consumption; further study will focus on substitution of strong oxidation agents.     

 

In the study of SEM, graphene single sheet was merely found in our samples. It is widely 

accepted that GO particle tends to aggregate in its suspension even after a long time 

ultrasonic treatment and it is difficult to make single layer graphene sheet. Numerous 

methods were applied to separate block GO, such as microwave, vacuum evaporation and so 

on. In the studies of UV-visible spectra, block GO or RGO has strong absorption in all region 

of radiation. It is found that graphene particle is easy to cover semiconductor particles and 

impede radiation absorption over the catalyst. Also the different graphene contents did not 

affect the ZnO and commercial Ta2O5 on MB degradation under visible light. So the way to 

obtain single layer GO or thin block GO is required. Chemical vapor deposition method 

(CVD) is one of efficient methods. In further study CVD will be adopted to produce 

single/thin layer GO which maybe improve the photocatalytic performance.     
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FTIR study showed three functional groups could be found on GO sheet: hydroxyl, carboxy 

and epoxy groups. Several studies indicate that oxygen content affects the band gap energy of 

graphene oxide which will affect the activity of graphene doped photocatalysts under visible 

light. Different reduction agents will greatly affect the oxygen content of RGO such as NaOH, 

KOH, hydrazine hydrate and so on. In future, RGO from different reduction methods will be 

used in order to study the interaction between catalyst and graphene. 

 

Many studies indicate there are two types of defects around graphene sheet; zig-zag and 

armchair. Defects have different electronic properties which will affect pollutant adsorption 

and reaction. The chemical tailoring should be applied to produce epical defects on graphene 

sheet, and requires more investigation in the future.   

 

In our study, three photocatalysts were modified to improve their photocatalytic performance. 

G-TiO2 demonstrates the best performance in MB decomposition under UV and visible light. 

G-ZnO and G-Ta2O5, however, exhibited activity only under UV light. In this case the 

photocatalytic material selection plays a significant role and alternative materials with solar 

energy responsive, high reaction performance and environment compatible should be 

developed using co-doping precursor such as g-C3N4.  
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