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ABSTRACT 

It is widely accepted that graphene as well as reduced graphene oxide (rGO) have 

shown many superior properties such as electron mobility, excellent thermal and 

electrical conductivity, and large theoretical specific surface area. Previous research has 

shown significant enhancement of the photocatalytic property of semiconductors by 

compositing with rGO, which was largely attributed to the function of rGO or graphene 

as the electron sink. Moreover, the incorporation of graphene in photocatalytic systems 

also renders new format and new properties to photocatalysts. This MPhil project 

focuses on the synthesis of photocatalytic membranes formed by the embedment 

of Cu2O and/ or TiO2 nanowires in reduced graphene oxide, and their photocatalytic 

applications in water purification, such as destruction of organic dyes and persistent 

organic pollutants, as well as hydrogen production from ammonia solution. 

The literature review summarizes various types of graphene-based photocatalysts 

through different synthesis methods, and points out major factors that can influence 

photocatalytic efficiency. 

In the second part of the research, the research was aimed at fabricating a graphene 

based photocatalyst which can show superior photocatalytic efficiency under UV-Vis 

range. For this purpose, a heterojunction photocatalytic membrane consisting of Cu2O 

and TiO2 nanowires was produced. The resulting membrane benefitted from in- 

between reduced graphene oxide (rGO) sheets which was fabricated by applying a 

facile process from colloidal suspension. The designed membrane exhibits significantly 

enhanced activity under UV-Vis range, surpassing nanowires dispersions, owing to 

heterojunction formation and concurrent electron and hole transfer on rGO sheets. 

Furthermore, the membrane also possesses increased permeability and photocorrosion 
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resistance. The described design and fabrication method of a rGO facilitated 

heterojunction photocatalytic membrane can be used in significant areas of applications 

including energy and environment developments. 

The focus of the final part of the research was to design a photocatalyst to produce 

hydrogen from ammonia solution. My study showed that the rGO/TiO2 NWs membrane 

results in 30-fold enhancement in photocatalytic H2 production compared with TiO2 

NWs alone.  
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Chapter 1 - Introduction 

In recent years, Photocatalysis technology has received intensive attention in 

chemistry, material science and environmental research. The photocatalysis 

technology has great potentials in extensive applications like hydrogen production, 

wastewater treatment, and harvesting solar energy.  

Traditional photocatalysts, like TiO2 has its limitations such as the narrowed 

photocatalytic range (<400 nm) which renders the utilisation of visible light uneconomical [1, 

2].  Therefore, how to enhance the photocatalytic efficiency of those conventional 

semiconductors remains a hot topic in photocatalysis research. Many research showed 

that by coupling semiconductors with carbon based material can greatly enhance the 

photocatalytic performance.  

Graphene is the most popular material in the carbon family in recent 10 years due to 

its excellent properties, such as large surface area, high stability, electro-conductivity 

and ease of modification with semiconductors [3, 4]. In light of its desirable 

characteristics, graphene has been increasingly used to form composites with 

semiconductors to further enhance their photocatalytic activity, graphene or rGO has 

been used in conjunction with semiconducting material in photocatalysis for 

supressing electron-hole recombination, thereby increase the photocatalytic efficiency 

[5, 6].   

Owing to the innovative design and good photocatalytic efficiency, photocatalytic 

membranes are drawing more and more attention nowadays. Furthermore, graphene 

based photocatalytic membranes showed eye-catching properties such as excellent 

mechanical strength, remarkable flexibility and chemical/thermal stability [3, 4].  
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Research Objectives 

From the literature review, it is summarized different types of graphene-based 

photocatalysts via different synthesis methods, and analysed major factors that can 

influence photocatalytic efficiency. To enhance the photocatalytic performance of 

semiconductors, coating and compositing are regarded as effective approaches. By 

coupling graphene with specific semiconductors (eg. TiO2, ZnO, BiVO4 etc.), their 

band gap can be adjusted. Hence the main objectives of this study are to: 1) fabricate 

graphene-based photocatalytic membranes; 2) investigate the photocatalytic 

performance of fabricated graphene-based membranes; 3) study the mechanism and 

role of graphene in the entire system. 

Thesis Outline 

This thesis consists of three major chapters. Chapter 2 is the literature review which 

summarizes different types of graphene-based photocatalysts via different synthesis 

methods and the major factors than can influence photocatalytic efficiency. Chapter 3 

presents the synthesis of high performance rGO/TiO2/Cu2O photocatalytic membrane, 

the ternary membrane showed great improvement in efficiency compared with those 

photocatalysts in individual. Chapter 4 is on the fabrication of rGO/TiO2 

photocatalytic membrane and its application in producing hydrogen from aqueous 

ammonia solution. 
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Chapter 2 - Literature Review: Graphene– based Photocatalyst 

2.1 Introduction 

Photocatalysis technology has received much attention in chemistry, material science 

and environmental research. The photocatalysis technology can be applied in a wide 

range of fields such as wastewater treatment, air purification and solar energy 

utilization. Currently, semiconductors such as TiO2, ZnO, WO3, BiVO4, CdS have 

been studied extensively, among of which TiO2 is the most active and commonly used 

photocatalyst. However, TiO2 also suffers from limitations, such as the narrowed 

photocatalytic range (<400 nm) which renders the utilisation of visible light 

uneconomical. Therefore, materials and methods for enhancing the photocatalytic 

efficiency of these semiconductors received great emphasises in photocatalysis 

research. Recent research revealed that conventional photocatalysts coupled with 

activated carbon, fullerene, graphene and other carbon-based material can largely 

improve the photocatalytic performance, among which the coupling with graphene 

showed noticeable and innovative results. 

Graphene-based materials have been used for more than 10 years due to its unique 

and promising properties, such as high stability, electro-conductivity and ease of 

modification with semiconductors.  As a result, these materials represent a ‘hot spot’ 

in material science and environmental relevant areas such as supercapacitors, 

photovoltaics and water purification processes by photocatalysis. Furthermore, 

graphene is also regarded as the basic building blocks of all-dimensional carbon 

material [1]. Considering its desirable characteristics, graphene has been increasingly 

used to form composites with semiconductors for further enhancing their 

photocatalytic activity. 
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This literature review intends to summarize the mechanisms underlying the 

enhancement of photocatalytic activities by adding graphene as well as recent 

developments in graphene based photocatalysts, and the direct approaches for 

enhancement of photocatalytic performance including compositing and coating 

methods.  

2.2 How does graphene enhance photocatalytic efficiency? 

Photocatalytic efficiency is defined by the capability of adsorbing UV- VIS region of 

the solar spectrum utilizing captured energy to generate electron-hole pairs and thus 

facilitating charge transport. Furthermore, efficient photocatalysts are characterized 

by distinctive electronic structure. These unique structures not only support 

thermodynamical properties and the abundance of surface active sites, but also 

facilitate reactions such as “photocatalytic degradation of organic pollutions” or 

“photogeneration of hydrogen”. 

2.2.1 Impact factors on photocatalytic efficiency 

There are several parameters that affect the photocatalytic efficiency of 

semiconductors which include band gap, recombination probability of photo-excited 

electron-hole pairs, the crystallinity of the catalysts, the position of energy band and 

the absorptive properties. By coupling graphene with semiconductors, the electron-

hole separation rate can be reduced significantly and improve the absorptive capacity 

of the photocatalysts. Furthermore, for certain types of semiconductors, compositing 

with graphene can result in band gap reduction as well as adjustment in energy band. 

2.2.1.1 Band gap 

Band gap determines the position of the photochemical active area. Wider band gap 

requires higher energy to activate photons, therefore semiconductors with wide band 
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gap can only exhibit their photocatalytic activity under UV. In reality, it is more 

difficult and costly to create UV compared to visible light. Through coupling with 

graphene, the band gap could be narrowed to a certain extent [2, 3], hence increasing 

the utilization ratio of visible light.  

2.2.1.2 Photogenerated electron-hole pairs and energy band 

Energy band structures of semiconductors are generally consisting of low energy 

valance band (VB) and high energy conduct band (CB). The forbidden band is located 

between valance band and conduct band. Band gap (Eg) is the band between the VB 

and CB and when the energy of light (hv) reaching the surface of semiconductor is 

greater than or equal to the band gap, the semiconductor would absorb energy from 

light source and produce photo-generated electrons (e-) – hole (h+) pairs. e- and h+ can 

be separated under electric field, following diffusion onto the surface of 

photocatalysts. Subsequent reaction is triggered with OH/ O2 adsorbed on the 

semiconductor surface to generate free radicals such as ·OH and ·O2
-. These free 

radicals are the active sites of photocatalytic reactions. Photo-generated e- and h+ can 

be recombined directly in the form of heat energy, however, the recombination of e- 

and h+ will largely reduce the photocatalytic efficiency. Therefore, to increase the 

photocatalytic efficiency, the key lies in inhibiting the electron (e-) – hole (h+) 

recombination. Based on graphene’s excellent conductivity, the photo-excited 

electrons can quickly migrate to the layered structure of graphene instead of 

aggregating on the surface of photocatalysts. Thereby, the recombination rate of 

electron (e-) – hole (h+) pairs can be reduced thus resulting in notable improvement of 

the photocatalytic efficiency of semiconductors. 
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2.2.1.3 The crystallinity of photocatalysts 

During Photocatalysis, the defects of crystal play a crucial role as the centre for 

recombining photo-excited electrons and holes. The photocatalytic efficiency would 

drop significantly if there were large number of defects in the semiconductor crystals 

due to the high recombination rate of electron-hole pairs. Therefore, increased degree 

of crystallinity of photocatalysts would result in less crystal defects, hence eventually 

achieving higher photocatalytic efficiency. 

2.2.1.4 Light absorbance of photocatalysts 

The photocatalytic activity of a semiconductor is largely associated with the photo-

absorption capability in available region of light energy region; GO and rGO have 

been shown to be able to enhance light absorbance of the photocatalysts.  

Fig. 1 shows that the addition of rGO induces the increased light absorption in both 

the UV and visible light regions compared to pure CuS. The strong absorption of the 

composites in the visible range implies that the potential application of the 

nanocomposites in photocurrent generation and photocatalysis [4]. Fig. 2 shows 

another example, showing that the addition of rGO resulted in increased light 

absorption in both UV and visible ranges compared to the bare Cu3SnS4. 
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Fig. 1. UV–vis absorption of CuS and CuS/rGO composites [4]  

 

Fig. 2.  UV–vis spectra of Cu3SnS4 and Cu3SnS4/rGO composites [5]  

 

2.2.1.5 Adsorption capacity  

Photocatalysis is a surface-mediated reaction, therefore it is highly desirable to 

provide a material with high surface area for adsorbing reactant molecules.  For 

instance, in water purification application, owing to the large specific surface area of 

graphene, the pollutant molecules can be absorbed, and the photo-generated electron 

as well as free radicals can have sufficient contact with pollutant molecules.   
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2.2.2 Graphene and photocatalytic efficiency 

In a heterogeneous photocatalysis system, quick charge separation and surface 

reactions are the key steps of the process of photocatalysis. When the reactants are 

properly and efficiently pre-adsorbed on the surface of the photocatalysts, the charge 

transport and separation processes could be increased due to the higher probability 

of reacting in the photoredox reaction on the surface of the photocatalytic material. 

Furthermore, the adsorbed species (O2, H2O, pollutants, etc.) are likely to enhance the 

captured number of electrons or holes resulting in accelerating surface reactions [6].  

Graphene species provide versatile surface properties and high theoretical surface 

area which can act as an excellent supporter for improving the electron-hole 

separation and adsorption properties of photocatalysts.  

As soon as electron–hole pairs are generated within semiconductor upon excitation 

under UV light irradiation, these photogenerated electrons tend to transfer to 

graphene sheets, which are then scavenged by dissolved oxygen to facilitate hole–

electron separation. Meanwhile, the holes can either react with adsorbed water or 

surface hydroxyl to form hydroxyl radicals or directly oxidize various organic 

compounds. The major reaction steps in this photocatalytic degradation mechanism 

under UV-light irradiation are summarized by the following equations [7]: 

semiconductor + hv-   ---->  semiconductor (e- + h+) (1) 

semiconductor (e- ) + Graphene ---->  semiconductor + Graphene (e- ) 

(2) 

Graphene (e- ) + O2    ---->   Graphene + O2- (3) 

semiconductor (h+) + OH-   ---->   TiO2 + *OH (4) 

* OH + Pollutants - Degradation products 
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Overall, one of the most important features of graphene is the electron mobility 

property of this type of nanocarbon material which is only about 300 times less than 

the speed of light [8], proving to be much faster than the electron mobility in other 

conductors. By coupling graphene with other semiconductor materials can 

significantly increase the mobility of photo-generated electrons and reduce the 

electron-hole recombination rate, thereby improving the photocatalytic efficiency 

accordingly. Additionally, due to the large specific surface area of graphene, the 

pollutant molecules are much easier to adhere on the surface of photocatalysts, thus 

enhancing the photodegradation performance overall. 

 

2.3 Types of graphene-based photocatalysts 

2.3.1 Graphene and graphene oxide as photocatalysts 

In some specific photocatalytic reaction systems where the reaction substrates can be 

photoexcited to generate electrons, graphene in itself can also be directly used as a 

special photocatalyst to promote the electron relay, thereby impeding the 

recombination of charge carriers and improving the photocatalytic performance [9].  

As an intermediate state between graphite and graphene [10-13], graphene oxide (GO) 

can act as a photocatalyst individually, but also assist in evolving hydrogen from 

water by photocatalytic water splitting [14].  Due to the large specific area and 

abundant oxygen-containing groups, graphene oxide has exceptional dispersity in 

aqueous solution and after GO absorbs photon energy, the electron-hole begins to 

separate and the excited electrons can reduce the H+ to H2. As a pure photocatalyst 

without any additives, the crystal defects of GO itself can be maintained at a lower 

level. The bandgap of GO increases with the oxidation level leaving GO with a 
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certain oxidized level which can be used as a photocatalyst for photocatalytic water 

splitting under UV or visible light irradiation. As a result of the highly hydrophilic 

character of GO, the exposed area of GO is high in aqueous solutions making it 

possible to effectively facilitate photocatalytic water splitting under irradiation of light 

without requiring a co-catalyst for promoting charge separation. The GO bandgap was 

seen to decrease during the photocatalytic reaction because of GO reduction.  

Graphene oxide was also found to be a promising photocatalyst for catalytic 

conversion of CO2 to methanol (MeOH). A systematic investigation of photocatalytic 

CO2 reduction on various GO samples synthesized from different conditions has been 

conducted [15]. It was found that the GO–3, obtained by the modified Hummer’s 

method in the presence of excess KMnO4 and excess H3PO4 to raise the level of 

oxidation under the protection of GO basal plane, resulting inthe highest 

photocatalytic efficiency among the studied samples. In the modified GO, the 

oxygenated functional groups provide a 2D network of sp2 and sp3 bonded atoms, 

leading to the presence of a finite bandgap depending on the isolated sp2 domains. 

During the photocatalytic reduction process, the modified GO with surplus 

oxygenated components is photoexcited to generate e– - h+ pairs, which then migrate 

to the GO surface to react with absorbed reactants. The reduction potential of e– in the 

graphene oxide (GO) conduction band is lower than the potential of CO2/CH3OH 

while the oxidation potential of the h+ in the GO valance band is higher than the 

potential of H2O/O2, H+. Therefore, the photogenerated electrons and holes on the 

irradiated GO can react with the adsorbed CO2 and H2O to produce CH3OH via six-

electron reaction as illustrated in Fig. 3. 
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Fig. 3. schematic illustration of the photocatalytic CO2 reduction mechanism on GO [15] 

2.3.2 Graphene/ Metal oxide photocatalyst 

2.3.2.1 Fabrication method 

Compositing 

TiO2 nanoparticles and Silica coated controlled aggregates of Fe3O4 nanoparticles 

were composited on the graphene oxide sheets via hydrothermal process [16]. The 

photocatalysts were homogeneously distributed on the GO sheets consequently the 

photo-excited electrons can be rapidly transfer onto the GO layered structure. The 

nanocomposite exhibits superior photocatalytic performance in degrading caffeine 

compared with pure P25. Although compositing TiO2 with graphene can largely 

increase the photocatalytic efficiency, however, due to TiO2’s wide band gap nature 

(3.2 eV), thus the utilization ratio of visible light still remains low. Using BiVO4 

(Band gap = 2.4 eV) as an additive and reduced graphene oxide as the base, BiVO4-

rGO nanocomposite has been synthesized through one-step graphene reduction and 

BiVO4 crystallization through hydrothermal method [17]. The synthesized BiVO4-
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rGO presented high removal rate of organic dyes under visible light. The further 

characterization revealed that the improved photocatalytic performance was attributed 

to the synergistic actions between the minuscule crystal structures of BiVO4 and 

reduced graphene oxide sheets. Additionally, the nanostructures of the BiVO4−rGO 

photocatalytic can assist in extending the photo-responding range to enhance the 

photo-generated charge separation and improving the electron transportation 

efficiency. 

Fabricating graphene with semiconductors via compositing approach can reduce the 

photogenerated electrons accumulating at the surface of the photocatalyst, therefore, 

to some extent, suppressing the electron-hole recombination rate. Furthermore, for 

some semiconductors, the band gap can be narrowed through the compositing process.   

Coating 

Coating is another effective way to fabricate high efficiency graphene-based 

photocatalysts. A core-shell structure graphene-based photocatalyst was fabricated 

[18]: graphene-like material fully covered the P25 (TiO2) core, and formed a TiO2-

graphene core-shell structure. Through measuring the photocurrent of the TiO2-

graphene nanocomposite, the photocurrent increased significantly after coated with 

graphene shell, confirming that the electron-hole recombination has been suppressed 

by adding graphene to the system. Similar structure[19] was synthesized using 

melamine as the coating agent and TiO2 as the “core”. Quasi-core/shell structured 

ZnO-graphene was prepared through one-step wet chemical method[20]. The special 

core-shell structure significantly enhanced the RhB photocatalytic decomposition. An 

effective electric field has been confirmed to be established between the graphene 

coating and ZnO core, furthermore, the remarkable decrease in migration resistance of 
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photo-generated electrons was likely to be a result of the coated graphene layer on the 

ZnO surface.   

It is widely known that coating can minimize the influence of crystal defects caused 

by the additive agent. In the case of graphene coating, a graphene layer is believed to 

tightly wrap and protect the semiconductors preventing them from catalyst loss during 

the photocatalysis. Coating density and thickness can also be controlled to adjust the 

photocatalytic efficiency [21]. However it would not be possible to change the band 

gap of semiconductors by applying reported coating method [18].  

2.3.2.2 Graphene/ TiO2 photocatalyst 

Titanium dioxide (TiO2) is generally understood as a very effective and 

environmental friendly photocatalyst responding to UV light with high stability, non-

toxicity and anti-corrosion properties. Currently, most of the commercialized photo-

assisted techniques are built upon TiO2 material. However, TiO2 also has limitations, 

such as the low adsorption of visible radiation (band gap 3.2 eV) which renders the 

utilisation of visible light uneconomical. Also, the high recombination rate of the 

photogenerated electron-hole pairs and difficulty of material recovery from the 

reaction system are well known. By coupling bare TiO2 with graphene, the light 

absorption range of the nanocomposites can be extended to visible light range and the 

photocatalytic efficiency of TiO2 is significantly enhanced. Current studies also show 

that photocatalytic performance of graphene-based TiO2 would also largely depend on 

different synthesis and fabrication methods.  

A study by Bai et al. [22] showed that by combining graphene with TiO2, the light 

absorption range can be significantly extended to visible light range and the electron-

hole recombination rate can be suppressed as well. Here, graphene oxide (GO) was 
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fabricated via a modified Hummers’ method and further synthesized to graphene-TiO2 

nanocomposites via hydrothermal method. SEM and TEM images (Fig. 4) showed 

that the anatase TiO2 was distributed uniformly on the graphene surface. In the 

Bisphenol-A (BPA) photodegradation experiment, the graphene-TiO2 photocatalyst 

showed much higher photocatalytic performance than same amount single TiO2 or 

graphene under UV-Visible irradiation. Effective charge transfers from the surface of 

TiO2 to graphene that inhibited the recombination and therefore significant high 

photocatalytic efficiency can be observed.  

 

Fig. 4. (A) SEM image of GR/TiO2; (B) TEM image of GR/TiO2; and (C) HRTEM image of GR/TiO2 (the inset 
shows the corresponding SAED pattern) [22] 

 

Athanasekou et al.[23] reported fabrication of reduced graphene oxide/TiO2 

nanocomposite membrane. The rGO/TiO2 was deposited into the pores of the ceramic 

ultrafiltration and nanofiltration monoliths through dip-coating method. The hybrid 

photocatalysis-ultrafiltration process exhibited extraordinary synthetic azo-dye 

(methyl orange and methylene blue) removal capacity under visible light irradiation. 

 

In a different study held by Jing et. al [24], an excellent performance in 

photodegrading quinoline solution under visible light irradiation was observed. As the 

presence of graphene-oxide can help to trap the electrons generated from TiO2, in 
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comparison with P25, the TiO2/GO (14% GO weight percentage) was synthesised via 

sol-gel method and with exhibited 6.17 times higher efficiency under same 

experimental conditions (Fig. 5). The cycling test showed the photocatalyst retained 

93.22% reactivity after four rounds of test. The enhancement of visible light 

photocatalytic performance was attributed to the extended optical absorption edge and 

prolonged electron-hole separation time.  

 

Fig. 5. Photodegradation performances of quinoline over P25, TiO2 and TGO-14 composite under visible light 
irradiation 

Research by Lavanya et al. [25] showed that specifically designed GO/ TiO2 

wrappings showed an improved photocatalytic capacity (96%) in contrast to 43% for 

single TiO2 nanofibers under UV irradiation. They were also among the first 

researchers who successfully applied an electrospinning technique to prepare reduced 

graphene oxide wrapped with mesoporous TiO2 nanofiber (Fig. 6 & 7). In their 

research, graphene oxide supported ultrathin TiO2 nanosheets were fabricated via 

hydrothermal method [26]. The photocatalytic degradation of methyl blue showed 

that by introducing graphene into the TiO2, the photocatalytic activity can be 

increased due to increased specific surface area, enhanced separation of electron-hole 

pairs and prolonged lifespan of electrons.   
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Fig. 6. TEM images of a typical (A) anatase TiO2, (C) composite NF, (B) and (D) HRTEM images corresponding 
to (A) and (C) respectively [25] 

 

Fig. 7. (A) Bright field TEM image of a typical composite nanofiber. (B), (C) and (D) elemental mapping of the 
composite nanofiber in (A) [25] 

The application of synthesized graphene/P25 (TiO2) nanocomposite on photoreducing 

bromate ions (BrO3
-) was reported by Huang et al.[27] . It was shown that 

photodecomposition activities of Gr/P25 photocatalysts vary with different 

concentrations of graphene (Fig. 8). The maximum removal of BrO3
- (99% after 60 
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min) was achieved with 1% graphene doping at pH 6.8. Remarkable electron-hole 

pair separation efficiency of graphene was held responsible for the improved 

photocatalytic performance.   

 

Fig. 8. (A) Effect of GR mass ratio, and (B) Effect of pH on the reduction of BrO3
- by P25-GR under UV 

irradiation [27] 

 

Elemental-doped graphene/TiO2-based nanocomposites were also synthesized [28-31], 

such as nitrogen doped reduced graphene/TiO2 (N-TiO2/rGO), nitrogen-vanadium co-

doped reduced graphene/TiO2 (N, V-TiO2/rGO) etc. Their research showed that both 

nitrogen/vanadium doping and graphene coupling can enhance the photocatalytic 

capacity of TiO2. The sequence of photocatalytic performance under visible light 

irradiation is: N, V–TiO2–rGO > N–TiO2–rGO > N, V–TiO2 > N–TiO2 > TiO2. The 

TEM images (Fig. 9) shows than the N-TiO2 and V-TiO2 particles attached evenly on 
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the rGO sheet. The synthesized photocatalyst can first absorb enough pollutant (Azo 

dye acid orange 7 in this study) due to the π-π stacking reciprocal reactions between 

graphene and the dye molecule. Secondly, the visible light can excite doped TiO2 and 

generate photoinduced electrons and holes. Due to graphene’s superior electrical 

properties, the electrons can be transfer to graphene rapidly; in the meantime, the 

photo-generated holes can be distributed to the surface and then oxide the donor. The 

photocatalytic degradation mechanism of doped-TiO2/rGO photocatalyst is illustrated 

in Fig. 10. 

 

Fig. 9. TEM images of TiO2 (A), N–TiO2–RGO (B), part of image B (Bp), N, V–TiO2–RGO (C), part of image C 
(Cp) [28]. 
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Fig. 10. Scheme of doped-TiO2–RGO photocatalysis mechanism [28]. 

 

Currently, the studies related with nanocarbon-based TiO2 nanocomposites focused on 

the degradation of organic dyes such as methylene blue (MB), methyl orange (MO), 

and rhodamine B (RhB) etc. However, for further studies, more emphasis should be 

placed on photocatalytic degrading persistent organic pollutants (POPs) such as 

phenol and pesticides in wastewater. 

2.3.2.3 Graphene/ other metallic photocatalyst 

In contrast to titanium, tungsten-based semiconductors generally have better response 

to visible light. By introducing graphene into tungsten-based photocatalysts the 

separation of photo-generated e- and h+ can be promoted, thus the photocatalytic 

performance can be improved. Li et al. [32] fabricated 3-D, porous aerogel (W18O49-

rGO) combined with 1-D tungsten oxide nanowires and 2-D reduced graphene oxide 

nanosheets. Except for its porous structure, W18O49 also has large specific surface area 

and ultralow density. By coupling with graphene, the electron-hole recombination rate 

of the W18O49 could be significantly reduced. In degrading six different dyes under 

visible light irradiation, the W18O49-rGO aerogel exhibited much better photocatalytic 
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performance than pure single W18O49-rGO nanowires. The study also showed that the 

photogenerated holes in W18O49-rGO aerogel was the most important step during the 

photocatalysis experiment. WO3/graphene nanocomposite was fabricated to embed 

WO3 particles on the graphene sheets[33]. The catalyst exhibited high photocatalytic 

degradation rate (80%) against methylene blue under UV irradiation. The WO3 

nanoparticles were evenly attached on the surface of graphene nanosheets, thus the 

electron transfer as well as the light absorption were enhanced. Reduced graphene 

oxide and tungsten trioxide nanocomposites were prepared by Chai et al. [34] through 

hydrothermal process. The plate-like WO3/rGO showed excellent photocatalytic 

capacity in decomposing methylene blue under visible light treatment. The 2D flaky 

structured WO3 and 2D graphene nanosheets could from a closer surface contact. The 

SEM and TEM images confirmed that the WO3 plates were tightly embedded into the 

rGO sheets (Fig. 11). Generally, tungsten-based photocatalysts can respond to visible 

light irradiation, however, tungsten catalysts themselves have relatively low 

efficiency. Through fabricating them with nanocarbon material like graphene, the 

efficiency can be largely increased therefore it is expected to create effective 

photocatalysts in wastewater treatment using sunlight. 
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Fig. 11. SEM and TEM images of (a) GO; (b) WO3; (c), (d), (e) and (f) rGO/WO3 composite [34] 

Zinc oxide (ZnO) is an inexpensive and nontoxic photocatalyst. However, during the 

photocatalysis process, the recombination rate of photogenerated-electrons and holes 

is high and the occurrence of photocorrosion is quite common. By fabricating ZnO 

with graphene, the photocatalytic efficient can be improved and the photocorrosion 

can be prevented. An et al. [35] reported a novel synthesis of graphene-decorated zinc 

oxide (G-ZnO) mats through electrospinning method. The photocatalytic degradation 

of MB under UV light irradiation showed that the G-ZnO nanocomposite has superior 

performance compared with pure ZnO, and the G-ZnO with 0.5wt% of graphene 

content exhibited the best photocatalytic efficiency that twice as same amount of ZnO.  

New Mn-doped ZnO/graphene nanocomposite was fabricated by one-step 

solvothermal process [21]. Transition metals or their ions (such as iron, manganese, 

chromium etc.) doping can largely enhance the visible light absorption [36-38]. 

Methylene blue was chosen as the model pollutant to evaluate the efficiency of Mn-

doped ZnO/graphene under visible light irradiation. Results revealed that 3% Mn-
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ZnO/graphene shows the best photocatalytic performance compared 1% and 5% Mn 

weight percentage (Fig.12).  

 

Fig. 12. The photocatalytic degradation of MB in the presence of ZnO, Mn–ZnO nanoparticles and Mn–
ZnO/Graphene nanocomposites under visible light irradiation [21]. 

 

Xie et al. [39] prepared an advanced bimetallic alloy-semiconductor photocatalyst 

CuAu-ZnO-graphene nanocomposites. The synthesized catalyst exhibited high 

photocatalytic efficiency in photodegrading various kinds of organic dyes. Fig.13 

demonstrates the photocatalytic mechanism for photodegradation of organic dyes by 

CuAu-ZnO-graphene under simulated solar irradiation. The study showed that the 

CuAu nanoparticles alloy could yield more photo-generated electrons and graphene 

nanosheets can help with the charge separation and reduce the recombination rate of 

electron-hole pair.   



24 

 

 

    

Reduced graphene oxide–CdS-sensitized ZnO nanorods were successfully fabricated 

[40]. The photodegradation experiment suggested that the nanocomposites showed 

superior efficiency than the individual photocatalysts under visible light irradiation. 

The study also revealed that rGO content in the nanocomposites can affect the 

photocatalytic performance as well. They have found that 0.20wt% of rGO was the 

optimum amount, not the higher the better (Fig. 14). Coupling graphene with ZnO can 

significantly enhance the photocatalytic performance of ZnO [41-47] and the anti-

photocorrosion property [48-52] could be further improved as well, which indicate 

that ZnO-graphene based photocatalysts may have great potential in addressing real-

world environmental engineering problems. 

Fig. 13. Schematic representation of photocatalytic mechanism for degradation of MO, MB, IN, SY and 
TT by CuAu–ZnO–Gr nanocomposite [39] 
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Fig. 14.  Relative optical absorbance for CdS–ZnO and RGO–CdS–ZnO composites as a function of irradiation 

time. The absorbance of the MB solution under visible light irradiation without catalyst is also shown for 
comparison [40]. 

BiOBr0.2I0.8-graphene nanocomposite was developed and fabricated [53] through 

simple one-step solvothermal process. Catalysts with different graphene content were 

also prepared and studied. The BiOBr0.2I0.8-graphene showed excellent photocatalytic 

performance in photo-decomposing RhB and phenol under visible light irradiation 

(Fig. 15). In comparison to the pure BiOBr0.2I0.8 catalyst, the nanocomposite with 10 

wt% graphene content exhibited superior efficiency in photodegrading RhB and 

phenol, which is 3.19 times and 3.27 times accordingly.  

 

Fig. 15. Photocatalytic activities of BiOBr0.2I0.8/graphene composites and BiOBr0.2I0.8 on the degradation of 
pollutants under visible light irradiation: (a) RhB and (b) phenol [53] 
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Gupta et al. [54] fabricated Bi2Ti2O7 (BTO)-rGO via self-assembly approach (Fig. 16) 

and tested its photocatalytic hydrogen evolution capability. The study showed by 

coupling Bi2Ti2O7 with reduced graphene oxide, the hydrogen production efficiency 

has significantly increased by 250%. Furthermore, the hydrogen production efficiency 

also depending on the rGO loading, the catalyst with 1wt % rGO loading exhibited 

the best photocatalytic performance.  

 

Fig. 16. Step-by-Step Procedure to Couple GO and BTO Using Ligand Chemistry and Electrostatic Self-Assembly 
Approach, forming a Composite Nanostructure, Referred to Here as rGBTO, after Thermal Treatment [54] 

 

2.4 Conclusions 

Graphene has been well established as an advanced two-dimensional nanocarbon 

material with large surface area, mechanical stability and superb optical, electrical, 

and thermal conductivity. Due to its unique and promising properties, graphene can 

largely enhance the visible light utilization of conventional semiconductors and 

reduce the recombination ratio of photogenerated electron-hole pairs. This review 

summarized different types of graphene-based photocatalysts via different synthesis 

methods.  
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To enhance the photocatalytic performance of semiconductors, coating and 

compositing are regarded as effective approaches; verified through numerous studies. 

By coupling graphene with specific semiconductors (eg. TiO2, ZnO, BiVO4 etc.), their 

band gap can be adjusted. Those studies can provide solid theoretical and 

experimental evidence for modifying other types of semiconductors in the future.  
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Chapter 3 - High Performance Heterojunction Photocatalytic Membranes 

Formed by Embedment of Cu2O and TiO2 Nanowires in Reduced 

Graphene Oxide  

Abstract 

A heterojunction photocatalytic membrane consisting of Cu2O and TiO2 nanowires between 

reduced graphene oxide (rGO) sheets was fabricated by a facile process from colloidal 

suspension. The resultant membrane exhibits significantly enhanced activity under UV-Vis 

range, surpassing nanowires dispersions, owing to heterojunction formation and concurrent 

electron and hole transfer on rGO sheets. The membrane also possesses increased 

permeability and photocorrosion resistance. Such design and fabrication method of a rGO 

facilitated heterojunction photocatalytic membrane can be extended to a broad range of 

energy and environment applications. 

3.1. Introduction 

Developing effective photocatalysts is at the heart of photocatalysis, the ultimate zero-waste 

environment and energy technology [1-4]. TiO2, the most famous photocatalytic material, is 

widely used due to its excellent ability in photodegradation, long-term photostability, 

nontoxicity and low cost [5]. However, unmodified TiO2 nanoparticles can only be excited by 

UV light (about 5% of the solar energy) due to the wide bandgap (3.2 eV); visible light-

driven photocatalytic technology is of high interest to facilitate the use of solar energy [6]. In 

addition to chemical modification and doping for narrowing the bandgap, formation of 

heterojunction between different types of semiconductors have been reported as an effective 

way to narrow the bandgap as well as hindering the recombination of photogenerated 

electron-hole pairs, improving the photocatalytic efficiency [7-10]. In selecting the 

heterojunction pairs, it is noted that TiO2 is a typical n-type semiconductor, while Cu2O (2.1 

eV) is a p-type semiconductor with conduction band energy higher than that of TiO2, and 
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exhibits good catalytic performance on water splitting for hydrogen generation and 

photodegradation of dyes under visible light irradiation [1, 2, 11]. The TiO2-Cu2O composite 

was shown to exhibit improved photocatalytic activity owing to the formation of 

heterojunction, where the Cu2O nanoparticles act as the sensitizer to TiO2, extending the 

usable photo-energy to visible range [12]. However, in a direct TiO2-Cu2O heterojunction 

system, Cu2O suffers from rapid photocorrosion due to hole scavenging [13]. 

Graphene and reduced graphene oxide (rGO), showing superior electron mobility property, 

excellent thermal conductivity and large theoretical specific surface area, have been proven 

an effective additive to improve the photocatalytic efficiency of semiconductors, such as 

TiO2, ZnO, Co3O4, CdS, etc.; even graphene itself can act as a remarkable photocatalyst [14-

19]. The research indicated great potential of graphene-semiconductor composites in water 

treatment for eliminating organic pollutants [14, 20].  

Photocatalytic membranes have been gaining increasing research attention due to the 

innovative designs, good photocatalytic efficiency and easy separation from reaction system 

[21]. Different types of photocatalytic membranes have been reported, such as TiO2 

embedded polyvinylidene fluoride (PVDF) membranes, TiO2/Al2O3 and TiO2/SiO2 

membranes [22-24]. The photocatalytic membranes possess both size exclusion and 

photocatalytic activity, which can be applied in water and air purification. Recently, graphene 

based membranes have demonstrated promising properties such as remarkable mechanical 

strength, good flexibility, chemical and thermal stability, etc [25, 26] and have been shown to 

exhibit excellent separation performance in gas separation, molecular sieving and selective 

ionic penetration [27-30]. The membrane throughput can be increased by controlling the 

amplitude of graphene layer corrugation, inserting small molecules or nanostrands between 

layers and embedding carbon nanodots [31-34]. The combination of graphene membranes 

and photocatalysts may show both the separation property of graphene membranes and the 
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enhanced photocatalytic property of catalysts, therefore, promoting the practical application 

of photocatalytic membranes in water treatment. 

Herein, we report a high performance heterojunction photocatalytic membrane formed by 

rGO, TiO2 nanowires and Cu2O nanowires for water purification, as illustrated in Scheme 1. 

The embedment of Cu2O and TiO2 nanowires (NWs) into graphene membranes creates nano-

channels and improves the hydrophilicity of membranes, which in turn enhances the 

membrane permeability. Importantly, the rGO layers between p-type Cu2O and n-type TiO2 

NWs function as a supporting matrix for creating heterojunction contacts as well as facilitate 

charge and hole transfers, which leads to higher photocatalytic efficiency by extending 

absorption into the visible range as well as suppressing electron-hole recombination. 

Moreover, the photocorrosion resistance of Cu2O has been significantly improved, likely due 

to hole transfer onto rGO sheets. In addition, the easy separation of photocatalytic 

membranes from liquids is another tremendous advantage compared to the powder form. 

Finally, the one-step facile fabrication method demonstrated in this work can be conveniently 

extended to a broad range of heterojunction photocatalytic membranes that can be used for 

water and air purification. 

 

Scheme 1. Illustration of the fabrication process of rGO/Cu2O/TiO2 ternary membrane 
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3.2. Experimental 

3.2.1 Materials 

Sulfuric acid (H2SO4,98%), Ethylenediamine (EDA), Hydrogen titanate (H2Ti3O7), graphite, 

benzoic acid and aniline were purchased from Sigma-Aldrich and used without further 

modification. Potassium permanganate (KMnO4), hydrogen peroxide (H2O2, 30%), copper 

sulphate (CuSO4), hydrazine hydrate, sodium hydroxide (NaOH), ethanol and methyl orange 

(MO) were purchased from Chem Supply. Hydroiodic acid (HI) and sodium dodecyl sulfate 

(SDS) were purchased from Acros Orgaincs and Bio-Rad, respectively. 

 

3.2.2 Fabrication of membrane  

Graphene oxide was prepared by Hummers-Offeman method [35]. Cu2O and TiO2 NWs were 

synthesized by the methods reported recently, respectively [1, 36]. As graphene is 

hydrophobic, it is hard to disperse with Cu2O and TiO2 NWs aqueous suspension uniformly. 

However, graphene oxide, due to the abundant oxygen containing groups, shows remarkable 

water solubility and forms electrical double layers around the GO sheets in solutions, which 

is a key factor in the interaction between GO and other nanomaterials. SDS was used as a 

surfactant to coat the surface and facilitate the dispersion of nanowires to attain stable 

colloidal suspension. After sonicating the mixture solution of certain amount (5 mg) of Cu2O 

and TiO2 NWs for 30 min, 15 ml of GO was dropped into the mixture and stirred for 30 min.  

The fabrication process only required mixing well-dispersed GO, Cu2O NWs and TiO2 NWs 

suspensions followed by vacuum filtration on a Mixed Cellulose Ester (MCE) membrane ( 

= 47 mm, 0.22 m), followed by air drying and peeling from the MCE membrane to obtain 

free-standing membrane.  To reduce GO to rGO, the self-assembled ternary membranes were 
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then subjected to hydrogen iodide (HI) treatment by immersing into 55% hydroiodic acid at 

100 ℃ for 30 s followed by washing with ethanol and DI water several times to remove the 

residual of I2 and HI [37]. 

3.2.3 Measurement of photocatalytic activity 

Photocatalytic reactions were conducted in a 250 ml open double-jacket reactor with a 

cooling-water-cycle system keeping the reaction temperature constant. Visible light only was 

derived by inserting a 400 nm long pass filter. MO, benzoic acid and aniline were employed 

as representative pollutants, respectively. In a typical test, one piece of rGO/Cu2O/TiO2 

membrane was added into 40 ml of MO solution (10 ppm). The system was first allowed to 

reach adsorption-desorption equilibrate between organic pollutants and photocatalysts in the 

absence of light for 1h. It was then exposed to illumination under constant magnetic stirring 

at 300 rpm. 1 mL of MO solution was collected at certain time interval to measure the 

absorbance at 464 nm by UV-Vis spectrometer and determine the concentration evolution of 

MO.  

3.2.4. Characterisation  

For monitoring the ring structure degradation of benzoic acid and aniline, a wavelength of 

198 nm was selected and measured by an Ocean Optics USB 2000+ UV-VIS-ES. 

Morphologic characterizations and Elements mapping were studied by using a field emission 

scanning electron microscopy (FESEM) JEOL 7001 and energy-dispersive X-ray analyser 

back-scattered electron (BSE-EDX), respectively. FT-IR spectra were collected on Perkin-

Elmer Spectrum 100 with resolution of 4 cm-1 in transmission mode at room temperature. A 

baseline correction was applied after the measurement. The Raman spectra were collected on 

Renishaw inVia Raman microscope using 514 nm laser light source. X-ray photoelectron 

spectroscopic (XPS) measurements were performed on a Kratos Axis Ultra photoelectron 
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spectrometer which uses Al Kα (1253.6 eV) X-rays. The light source was a 300 W Xenon 

lamp (PLS-SXE300CUV, Perfect light, Beijing, China). 

3.3. Results and discussion 

The morphologies of the as-synthesized nanomaterials were observed by FESEM. As 

demonstrated in earlier studies [34], colloidal GO particles can be assembled into 

macroscopic sheet structure by the filtration method. The rGO membranes in Fig. S1 (a) in 

the supporting information display smooth surface and tightly stacked layer structure. Fig. S1 

(b) and (c) show that the lengths of Cu2O and TiO2 NWs are about 1 ~ 3 m with diameters 

in the range of 90 ~ 130 nm. The GO nanosheet suspension can be well mixed with Cu2O and 

TiO2 NWs, forming stable colloidal solution, owing to the abundant oxygen containing 

groups on GO.  

 

Fig. 1. (a) Top view SEM image of rGO/Cu2O/TiO2 membranes with scratched top rGO sheet (scale bar is 10 µm); inset: 
optical image of the membrane. (b) Cross-sectional SEM image of rGO/Cu2O/TiO2 membrane (scale bar is 1 µm). (c) BSE-
EDX elemental mapping of rGO/Cu2O/TiO2 membrane (scale bar is 100 µm). (d) The corresponding EDX elemental 
mapping images of TiO2 NWs (green) and (e) Cu2O NWs (purple) in the selected area (scale bars: 100 µm). 
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Filtrating the rGO/Cu2O/TiO2 ternary colloidal mixture resulted in similar membranes as rGO 

alone. The insert picture in Fig. 1a shows the morphology of free-standing membranes with a 

diameter of 47 mm; the thickness can be adjusted between 1~3 μm by controlling the amount 

of GO suspension. The surface of the rGO/Cu2O/TiO2 composite membranes was rough in 

contrast to the smooth surface of rGO membranes, most likely due to the corrugation caused 

by the underlying nanowires.  

The SEM image in Fig. 1a shows the close-in morphology of rGO/Cu2O/TiO2 membrane 

with the top layer being partially exfoliated by a scotch tape; underneath the rGO layer, the 

nanowires are interwoven, homogeneously distributing between the rGO sheets. The cross-

sectional view of the rGO/Cu2O/TiO2 membrane in Fig. 1b shows that the Cu2O and TiO2 

NWs are incorporated throughout the rGO membranes and the interlayers of rGO are opened 

by the Cu2O and TiO2 NWs, which could enhance the permeability of the membranes. The 

BSE-EDX elemental mapping of exposed inner layers displayed in Fig. 1c, 1d and 1e show 

that TiO2 and Cu2O are homogeneously and densely distributed between rGO sheets, 

suggesting that good contacts could be established between the TiO2 and Cu2O NWs, forming 

heterojunction. 

The resistance of the membranes was measured by an ohmmeter to indicate the changing of 

conductivity. While the GO membranes are known nonconductive, the rGO membranes and 

rGO/Cu2O/TiO2 membranes reduced by HI show good conductivity, as shown in Fig. S2. The 

resistance of rGO/Cu2O/TiO2 membranes was 40% higher than that for rGO membrane, 

which could be attributed to the incorporation of semiconductors Cu2O and TiO2, which 

reduced the connectivity between rGO sheets. 
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Fig. 2. (a) FTIR and (b) Raman spectra of the rGO membrane, Cu2O and TiO2 nanowires, and the rGO/Cu2O/TiO2 
composite membrane  

The chemical structures of the composite membranes were further characterized by FTIR, 

Raman and XPS analysis. The FTIR spectra of rGO/Cu2O/TiO2 membrane (Fig. 2a) showed 

the peaks from TiO2 and Cu2O at 984 and 1465 cm-1, respectively. Raman spectra of rGO and 

rGO/Cu2O/TiO2 membranes were collected and shown in Fig. 2b. The two main bands at 

approximately 1356 and 1595 cm-1 could be attributed to the breathing mode of the k-point 

phonons of A1g symmetry (D band) and the first-order scattering of the E2g phonons (G band) 

of graphene, respectively. The typical TiO2 vibration peaks (396, 515 and 637 cm-1) [38] and 

CuO vibration peaks (273 and 615 cm-1) [39] are observed in the spectra of rGO/Cu2O/TiO2 

membranes, indicating the presence of CuO and TiO2 in the rGO/Cu2O/TiO2 membranes. The 

presence of CuO can be attributed to the low stability of Cu2O in air during the sample 

preparation and characterization. The results indicate that Cu2O and TiO2 were not reduced 

by the 55% hydroiodic acid during the reduction of GO membranes. Therefore, the reduction 
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of membranes by HI can be successfully applied in the fabrication of rGO/Cu2O/TiO2 

membranes.  

 

Fig. 3. XPS spectra of the rGO/Cu2O/TiO2 composite membranes. (a) The survey spectra; (b) C 1s spectrum; (c) The Ti 2p 
spectrum; (d) The Cu 2p spectrum. 

The XPS data in Fig. 3 provide evidence on chemical state of Cu and Ti, confirming the 

unchanged Cu2O and TiO2 NWs after the HI treatment, consistent with the Raman spectra. 

The survey spectrum of rGO/Cu2O/TiO2 membrane in Fig. 3a clearly shows Cu 2p peak at 

932.2 eV and Ti 2p peak at 452.5 eV, revealing the presence of Cu and Ti species. The peaks 

at 284.6 and 530.1 eV belong to C 1s and O 1s, respectively. The elemental atomic 

percentages of rGO membrane are 89.8 % of C and 9.6 % of O, with C/O ratio of as high as 

9.3, indicating the strong reducing ability of hydroiodic acid. While the elemental atomic 

percentages of the rGO/Cu2O/TiO2 composite membrane are 41.1 % of C, 38.3 % of O, 11.2 % 
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of Cu and 9.4 % of Ti, with C/O ratio of only 1.1 due to the existence of TiO2 and Cu2O that 

cannot be reduced by HI acid. The C 1s spectrum in Fig. 3b, shows three peaks centred at 

284.5, 285.7 and 288.0 eV, corresponding to C-C/C=C, C-O, and C=O, respectively [40-42]. 

As shown in Fig. 3c, the Ti 2p peak is fitted into two peaks at 459.0 and 464.9 eV that 

corresponding to Ti (IV), which are in accordance with the reported XPS data of TiO2 [43]. It 

is reported that the Cu 2p peak at 932.2 eV reveals the presence of Cu2O phase [44]. The 

spectrum in Fig. 3d is a typical Cu2O spectrum, the peaks located at 932.2 and 952 eV are 

attributed to Cu2O, confirming the main composition is Cu2O [45]. The weak broad satellite 

feature at 943.5, 962.0 eV and a fitting peak at 933.7 eV are attributed to the Cu (II) double 

peaks, indicating the presence of CuO [46, 47]. The relatively low peaks imply a small 

amount of CuO on the surface of the specimen, which could be attributed to the easy 

oxidation of Cu2O in the air. However, Cu2O instead of CuO is the major component. In 

general, the XPS data give an evidence of chemical state of Cu and Ti, confirming the 

sustained Cu2O and TiO2 nanowires after the reduction of membrane by HI acid, which is 

consistent with the Raman data. 

 

Fig.4. The water flux of different membranes 

We first evaluated the influence on water flux by incorporating Cu2O and TiO2 NWs in rGO 

membranes. As observed in Fig. 1a and 1b, the tightly stacked graphene layers of rGO 
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membrane were successfully opened by the Cu2O and TiO2 nanowires, forming channels 

inside the membrane, which is favourable for the permeability of rGO membranes. The water 

flux through different membranes was assessed at a transmembrane pressure of 0.1 MPa. As 

shown in Fig. 4, the water flux through membranes without embedded nanowires is only 18.1 

L h-1 m-2 for the rGO membrane and 53.6 L h-1 m-2 for GO membrane, while the permeability 

of the GO/Cu2O/TiO2 composite membrane and rGO/Cu2O/TiO2 membrane are 304.4 and 

139.6 L h-1 m-2, respectively, a 6 to 7 fold in comparison with the pure GO or rGO 

membranes.  

 

Fig. 5. (a) The photocatalytic degradation of MO by the rGO/Cu2O/TiO2 ternary membrane under different light source; (b) 

Photocatalytic degradation of MO over different photocatalysts under the irradiation of UV-Vis light; (c) Photocatalytic 
performance of the rGO/Cu2O/TiO2 composites in comparison to the rGO/Cu2O and Cu2O alone under visible light; (d) The 
cycling tests of the rGO/Cu2O/TiO2 composite photocatalyst for MO degradation under UV-Vis irradiation. 
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More importantly, the rGO/Cu2O/TiO2 ternary composite membranes exhibit superior 

photocatalytic performance, surpassing those of the three materials on their own and any of 

the binary combinations. The best performance catalyst loading was found to be Cu2O:TiO2 

ratio of 1:1, (2.5 mg respectively in this preparation, Fig. S3). Fig. 5a shows the effectiveness 

of the rGO/Cu2O/TiO2 ternary membrane by measuring the photodegradation rates of MO 

under the irradiation of the 300W Xenon lamp without and with filtering off UV light. For all 

experiments, we have conducted pre-adsorption of MO in dark for one hour before the Xenon 

lamp was turned on. The ternary membrane showed no degradation effect in the dark. 53.4% 

of MO was photodegraded within 120 min under visible light while nearly 100% was 

photodegraded under the UV-Vis irradiation. The results demonstrate that the 

rGO/Cu2O/TiO2 membrane has excellent response toward UV-Vis, and relatively good 

performance to visible light treatment. 

The photocatalytic performance of the rGO/Cu2O/TiO2 membrane was evaluated against 

rGO, TiO2 and Cu2O NWs on their own, as well as the binary combinations of rGO/TiO2, 

rGO/Cu2O and TiO2-Cu2O. For a fair comparison, in all tested systems, the quantity of rGO 

and the quantity of semiconductor nanowires were kept the same. As shown in Fig. 5b, under 

unfiltered Xenon lamp irradiation, among the various configurations, rGO/Cu2O/TiO2 

membrane exhibits the fastest kinetics and the highest degradation rate, demonstrating its 

superior photocatalytic performance. It is interesting to note that TiO2 NWs alone is the 

second best photocatalyst under UV-Vis, performing better than rGO/TiO2. This trend is 

opposite to the trend shown by Cu2O and rGO/Cu2O, of which rGO/Cu2O shows slight 

advantage in both kinetics and degradation rate compared to Cu2O NWs on its own. The 

inferior performance of rGO/TiO2 to TiO2 NWs may be caused by poor UV penetration 

through the membrane layers, hence no or little light absorption of TiO2 NWs embedded in 

rGO. While in the case of the rGO/Cu2O membranes, there is sufficient amount of visible 
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light penetration in the membranes, therefore, the charge transport function of rGO adds 

value to the photocatalysis process of Cu2O NWs. It’s also noted that the performance of 

TiO2-Cu2O binary system appears to be an average of the two unary systems, suggesting that 

there is a lack of direct contact between the two types of nanowires in suspension. This set of 

comparison suggests that embedding both TiO2 and Cu2O in rGO sheets is an effective 

method for achieving high photocatalytic efficiency.  

We further compared the photocatalytic performance of the rGO/Cu2O (2.5 mg)/TiO2 (2.5 

mg) ternary membranes under visible light with rGO/Cu2O (2.5 mg) and Cu2O (2.5 mg) alone 

as shown in Fig. 5c, noting that TiO2 NWs, rGO/TiO2 do not respond under visible. It is 

interesting to observe that the ternary system only shows slight improvement in terms of 

photocatalytic kinetics and rate compared to the binary system rGO/Cu2O (2.5 mg).   

Two observations have been made: firstly, the TiO2 and Cu2O NWs can perform well and 

even better when they are fixed between rGO sheets in comparison to their corresponding 

dispersion systems. Since photocatalysis is a surface reaction, the accessible surface area is 

critical to reaction efficiency. The fact that the NWs fixed between the rGO layers function 

no less than dispersed NWs, indicates the improved the catalytic efficiency of the rGO/metal 

oxide composite system as well as the excellent accessibility of the porous structure for 

organic molecules. Secondly, perhaps the heterojunction contacts have been formed between 

Cu2O and TiO2 NWs, improving the photocatalytic activity under UV-Vis. The n-type TiO2 

and p-type Cu2O NWs are interwoven on between rGO sheets, forming p-n heterojunction 

type of photocatalysts, as suggested by images in Fig. 1. Both semiconductors can be 

activated under the UV-Vis irradiation. Therefore, the electrons generated on the surface of 

Cu2O nanowires and photogenerated holes on the surface of TiO2 NWs can be rapidly 

exchanged through the high conductivity graphene (rGO) layer, which consequently would 

result in higher photocatalytic activity. However, under visible light alone, only Cu2O NWs 
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are excited and undergo the electron-hole separation, while the TiO2 NWs are not activated. 

This suggests that for a p-n heteroconjuction photocatalyst to fully function, both p and n 

semiconductors need to be excited.  

We further tested the photocatalytic reaction potency by degrading the benzene ring of 

aniline and benzoic acid as model chemicals for persistent organic pollutants (POPs). The 

results show that the rGO-based membranes do not exhibit any improvement in degrading 

benzoic acid (Fig. S4), however, significantly improved performance in degrading aniline are 

seen in Fig. 6.  This is because photocatalytic reaction is a surface reaction, requiring 

proximity between the oxidative species and the organic molecules: carrying the negative 

charge as rGO, benzoic acid molecules cannot approach the reactive sites; On the contrary, 

positively charged aniline can be effectively attracted to the rGO-based membranes. The 

strong oxidasive effect of the rGO/Cu2O/TiO2 membranes is a proof of heterojunction 

formation. 
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Fig. 6. (a) The photocatalytic performance of the rGO/Cu2O/TiO2 ternary membrane under different light source; (b) 

Photocatalytic degradation of aniline over different photocatalysts under the irradiation of UV-Vis light; (c) Photocatalytic 
performance of the rGO/Cu2O/TiO2 composite membrane in comparison to the rGO/Cu2O and Cu2O alone under visible 
light; (d) The cycling tests of the rGO/Cu2O/TiO2 ternary photocatalyst for aniline degradation under UV-Vis irradiation.  

The stability/reusability of photocatalysts is important in practical applications. Hence, 

cycling tests of photodegradation of MO under UV-Vis light illumination were carried out to 

investigate the stability of the rGO/Cu2O/TiO2 ternary membrane. The results displayed in 

Fig. 5d show that there is no obvious decrease on photodegradation efficiency of MO after 

four-cycling tests, the degradation efficiencies are consistently over 90 %, demonstrating the 

excellent stability on photocatalytic activity. It was reported that the Cu2O/TiO2 

heterojunction photocatalysis would result in fast photocorrosion of Cu2O [11]. The 

significantly improved photocorrosion resistance in the rGO/Cu2O/TiO2 ternary membrane 

suggests that the holes are likely transported to the defective sites on rGO [48]. Besides, the 
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separation of the membrane photocatalysts from the solution is significantly more convenient 

compared with powder materials, which is highly desirable in practical applications.  

 

Scheme 2. Illustration of electron-hole pair separation in the rGO/p-type Cu2O/n-type TiO2 heterojunction membrane 

The mechanism for the enhanced photocatalytic activity of the rGO/Cu2O/TiO2 ternary 

membrane for organic molecule degradation is illustrated in Scheme 2. Theoretically, 

the p-type Cu2O and n-type TiO2 semiconductor may form p-n heterojunctions, when 

they are in contact. Here we demonstrate that by embedding them between rGO 

sheets, p-n heterojunction contacts may be formed between Cu2O and TiO2 NWs. 

Moreover, the rGO layers can facilitate both electrons and holes transfer [48], which 

can enhance the electron-hole pair separation. It is reported that the conduction band 

of Cu2O is located at -1.54 eV, which is more negative than -0.41 eV of TiO2 [13]. 

Hence, an inner electric field may exist, leading to the electron transfer from Cu2O to 

TiO2. When the rGO/Cu2O/TiO2 composite membrane is under UV-Vis irradiation, 

both Cu2O and TiO2 semiconductors can be excited; the photogenerated electrons 

move to the TiO2 conduction band (CB), while the photogenerated holes move to the 

valence band (VB) of the p-type Cu2O. While the photogenerated electrons transfer 

onto the sp2 network on rGO, the photogenerted holes may also be transported and 

trapped at the defective sites on rGO, hindering the recombination of photogenerated 
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electron-hole pairs. In the photodegradation process, the holes may be trapped by 

hydroxyl groups (or H2O) on the surface of membranes to generate hydroxyl radicals 

(•OH), while the electrons may react with the dissolved O2 molecules and generate 

oxygen peroxide radicals (•O2
-), which can yield hydroperoxy radicals (•HO2) through 

protonation, thereafter producing hydroxyl radicals (•OH). The organic molecules are 

decomposed by the hydroxyl radicals (•OH) [8]. Because the holes are eventually 

accumulated on the rGO surfaces, the entire membranes have become the 

photocatalyst, therefore, enhancing the surface area, accessibility for reactants and 

removal of products.  

3.4. Conclusions 

In summary, we have demonstrated a new approach to fabricate rGO/Cu2O/TiO2 

ternary membranes with superior photocatalytic activity and permeability. The 

heterojunctions can be formed between the p-type Cu2O and n-typeTiO2 NWs owing 

to the supporting matrix formed by rGO sheets. Moreover, the rGO layers appear to 

facilitate concurrent electrons and holes transfer, which can enhance the electron-hole 

separation as well as increase accessible surface area. Notably, the presence of rGO 

sheets has also shown an effect on suppressing photocorrosion of Cu2O in such a 

heterojunction system due to hole transfer to rGO. Such a membrane format is 

extremely convenient for recovery and reuse of photocatalysts. In addition, the 

incorporation of Cu2O and TiO2 NWs can successfully increase the permeability of 

membranes, suggesting great potential in photocatalysis and separation combined 

processes for water and air treatment.  The method demonstrated here is facile and 

versatile, which may have broad application potential. 
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Supporting Information 

 

 

Fig. S1.  FESEM images of (a) rGO membrane. (b) Cu2O nanowires. (c) TiO2 nanowires. 

 

Fig. S2. The resistance of the rGO membrane (a) and rGO/Cu2O/TiO2 membrane (b). 

 

Fig. S3. The photocatalytic degradation of Methyl Orange by rGO/Cu2O/TiO2 composite membrane with different Cu2O 

NWs/TiO2 NWs loadings under UV-Vis light irradiation; 
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Fig. S4. The photocatalytic degradation of Benzoic Acid by rGO/Cu2O/TiO2 membrane under UV-Vis light irradiation; 
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Chapter 4 - Photocatalytic H2 Generation from Aqueous Ammonia Solution 

Using rGO/TiO2 Nanowires Photocatalytic Membrane under Low Power 

UV Light 

4.1 Introduction 

The water-energy nexus presents many opportunities for turning the waste into the 

useful, and transforming energy-consumers to energy-producers [1]. Ammonia, one of 

the most abundant components in wastewater, is traditionally regarded as a harmful 

waste to the waterways, while nitrification of ammonia constitutes one of the most 

important processes in wastewater treatment. On the other hand, as a clean and 

renewable energy, hydrogen is one of the promising new replacements to traditional 

fossil fuels. However, it remains a big problem in finding a safe and efficient way to 

store and transport hydrogen. Storing hydrogen in chemicals that contain hydrogen 

element is an ideal solution, such as sodium borohydride, methanol, formic acid and 

aqueous ammonia. Among these storage chemicals, only ammonia is carbon-free and 

simple-structured, which makes it easy to transport and is of low cost, particularly when 

extracted from wastewater. To release H2 from ammonia, photocatalytic decomposition 

using TiO2 photocatalyst has been demonstrated, which directly converts ammonia gas 

nitrogen and hydrogen [2, 3]. Photocatalytic hydrogen production from ammonia 

decomposition does not cause CO2 pollution, with many other advantages including 

simple process, safe storage and transportation, and low price. Therefore, this approach 

potentially has good economy benefits and broad application prospects.  

Titanium dioxide is so far the most widely studied and used semiconductor in 

photocatalysis, owing to its abundance, chemical stability, and mechanical robustness 

[4, 5]. However, the photocatalytic efficiency of TiO2 is limited by its high bandgap 
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energy (3.2 eV for anatase) and high electron-hole recombination rate [6, 7]. Significant 

research efforts have been exerted to improve the performance of TiO2 by chemical 

doping [8, 9], material composition [10, 11] and coupling photonic structures [12, 13]. 

Moreover, since photocatalysis is a surface reaction, the morphology control of TiO2 

either as nanoparticles or micro- meso -porous materials has been extensively 

researched [14-16].  Furthermore, in TiO2 photocatalyst design, we need to be mindful 

of the issue of photocatalyst recovery, so that the process will not require intensive 

separation procedures and the photocatalyst can be recycled. For the application of NH3 

decomposition, various modifications have been investigated to increase the efficiency 

of TiO2 in NH3 decomposing for hydrogen production. For example, using porous 

perlite as the TiO2 photocatalyst support [17], and adding noble metals such as Pt [18], 

Pd [19], Ag [20] as co-catalysts.  Although addition of noble metals is effective in 

improving the reaction selectivity and hydrogen yield, the cost remains a critical issue.    

Recent years have seen increased studies on the combination of TiO2 with reduced 

graphene oxide (rGO) for photocatalytic reactions [21, 22]. As a ‘miracle material’ with 

extraordinary electro-conductivity, mechanical strength and thermo-conductivity, 

graphene and rGO have received tremendous research interest [23, 24]. Owing to its 

high conductivity, graphene or rGO has been used in conjunction with semiconducting 

nanomaterials in photocatalysis for supressing electron-hole recombination; thereby 

increase the photocatalytic efficiency [21, 25].   

In this study, we have reported, for the first time, the combination of TiO2 with rGO on 

the photocatalytic efficiency in producing H2 from aqueous ammonia solution. The 

novel photocatalyst was prepared by embedding TiO2 nanowires in rGO membranes 

through a one-step filtration method. High H2 production was observed by combining 

TiO2 nanowires with rGO in comparison to TiO2 nanowires and P25 alone. 
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4.2 Experimental  

4.2.1 Fabrication of the rGO/TiO2 photocatalytic thin membrane 

Graphene oxide (GO) was prepared via modified Hummers Method, and TiO2 

nanowires were synthesized [26].  Certain amount of synthesized TiO2 nanowires (NW) 

was added into the GO dispersion. After ultrasonication of the mixture for 30 mins, the 

GO/TiO2 NWs thin film was assembled on a Mixed Cellulose Ester (MCE) membrane 

(ø = 47mm, 0.22 μm) by vacuum filtration. Once the thin film has formed on the MCE 

membrane, it is easy to peel the thin film off from the base membrane. In order to 

remove those oxygen-containing groups and to make full use of graphene’s outstanding 

charge mobility, the GO/TiO2 NWs thin film was reduced by dipping into hydroiodic 

acid (55%) at 100 °C for 30 seconds. The reduced GO/TiO2 NWs thin film, as known 

as rGO/TiO2 NWs thin film, was then rinsed by ethanol and DI water for several times 

and followed by air drying. 

4.2.2 Experimental installation  

Aqueous ammonia decomposition induced by UV light was carried out in a home-made 

apparatus with or without the catalyst (photocatalysis and photolysis, respectively). In 

the photocatalytic experiment, wheelbarrow of photocatalyst was placed in the 100 ml 

distilled H2O of the batch annular reactor (length 16.5 cm, width 7 cm, 635 ml volume). 

Magnetic stirrer (IKA-Werkw GmbH & Co.) at the bottom provided ideal mixing. In 

both photochemical and photocatalytic experiments, this reactor was filled with He 

(99.995%) and illuminated by the 8 W Hg lamp with a peak light intensity at 254 nm. 

Pressure inside the reactor was monitored continuously during the reaction. Gas 

chromatograph with barrier discharge ionization detector (GC/BID) was used for the 

analysis of H2, N2O and N2. The gas concentrations were measured before switching 

on the UV lamp and during the irradiation. The reproducibility of photocatalytic 
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experiments was verified by repeated tests. For gaseous samples, we used a gas-tight 

syringe (Hamilton Co., Reno, USA). For calculations used the average values of the 

measured data. 

 

Fig. 1. The block scheme of the set-up for the photocatalytic decomposition of ammonia 

4.2.3 Measurement of Photocatalytic Activity 

The equipment of photocatalytic experiment was designed and built in the laboratory 

of the Department of Physical Chemistry and Theory of Technological Processes, 

Technical University of Ostrava. The experimental apparatus is consisted of three units 

– gas supply, reactor, and analytical unit. The reactor shell was made of stainless steel 

and illuminated by UV 8W Hg pen-ray lamp with a peak intensity at 254nm (Ultra-

Violet Products Inc., USA, 11SC-1) situated in the centre of the quartz glass tube. The 

reactor was connected with a pressure probe (Greisinger, GMSD 3.5 BAE) and the 

pressure of the inner system was measured by a digital manometer (Greisinger, GMH 

3110). All the threads were sealed by Teflon tape.  



63 
 

At the beginning of each reaction, 100 ml aqueous ammonia (C=0.883 g/L) and a piece 

of rGO/TiO2 NWs thin film with different catalyst loadings were added to the reactor. 

Pure helium gas was fed into the reactor from cylinder in order to expel dissolved 

oxygen and nitrogen from the solution as well as to create an inert atmosphere right 

above the liquid phase. Helium flow rate was measured with rotameter (Omega FL-

3861-C) and maintained at a constant flow rate to keep the pressure of the reactor at 

124 kPa for 15 min. The photocatalytic reaction was started by switching on the UV 

lamp.  

The gaseous samples were taken at each predetermined time intervals over 0 to 12 hours’ 

span. During each sampling, 10 mL gaseous sample was withdrawn through the septum 

using a Hamilton gas-tight syringe through a septum and analysed immediately on a 

gas chromatograph with barrier discharge ionization detector (GC-2010 Plus, 

Shimadzu). 

The accuracy of measurement was verified by a series of repeated. Blank reactions were 

also performed to ensure that the hydrogen production was due to the 

photodecomposition of ammonia.  

The first blank was in the dark with the photocatalyst and ammonia solution under the 

same experimental conditions and the second was over the illuminated photocatalyst in 

the absence of ammonia (only in pure water). No hydrogen was detected in the above 

blank tests. 

4.3 Results and Discussion 

The morphologies of the as-synthesized nanomaterials were examined by field 

emission scanning electron microscopy (FESEM). As demonstrated in earlier studies 

[27], colloidal GO particles can be assembled into macroscopic sheet structure by the 
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vacuum filtration method. The rGO membranes in Fig. 2 (a) display smooth surface 

and tightly stacked layer structure. Fig. 2 (b) shows that the length of TiO2 NWs is 

about 1 ~ 3 m with diameters in the range of 90 ~ 130 nm. The GO nanosheet 

suspension can be well mixed with TiO2 NWs, forming stable colloidal solution, owing 

to the abundant oxygen containing groups on GO. The following HI solution reduction 

process is proven effective in reducing GO to rGO with much improved electro-

conductivity [28, 29] .  

 

 

Fig.2.  FESEM images of (a) rGO membrane. (b) TiO2 nanowires. (c) rGO/TiO2 nanowire membrane (cross-

section) 
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Fig. 3 Photocatalytic H2 yield (a), N2O conversion (b) and N2 conversion (c) of rGO/TiO2 membrane (Cycle 1) in 

comparison to TiO2 and rGO alone, as well as P25.  

 

Fig. 4 a) Photocatalytic H2 yield (a), N2O conversion (b) and N2 conversion (c) of rGO/TiO2 membrane (Cycle 2) in 
comparison to TiO2 and rGO alone, as well as P25.  



66 
 

 

Fig. 5 a) Photocatalytic H2 yield (a), N2O conversion (b) and N2 conversion (c) of rGO/TiO2 membrane (Cycle 3) in 
comparison to TiO2 and rGO alone, as well as P25. 

 

The effect of irradiation time of the hydrogen generation from aqueous ammonia with 

rGO/TiO2 photocatalytic membrane was studied over a period of 12 hours. The 

photocatalytic performance tests were not only tested with TiO2 NWs loading on rGO, 

but also compared with the same amount of individual materials, namely TiO2 NWs, 

P25 and rGO membrane. The same piece of photocatalytic rGO/TiO2 NWs membrane 

was recycled and tested 3 times to exam the variation of photocatalytic hydrogen 

production performance over time and number of cycles. 

The results of hydrogen yield of all investigated photocatalysts are shown in Fig. 3a.,4a 

and 5a. Evolution of hydrogen can be found in all the TiO2-containing experiments 

under 12-hour UV irradiation while rGO alone did not produce any detectable H2 gas. 

As we can see from Fig. 3a, the hydrogen production efficiency achieved by the 

rGO/TiO2 photocatalytic membrane is similar to the performance of P25, however, 

surprisingly, after recycled the same rGO/TiO2 NWs membrane and ran the same 
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experiment again (Fig. 4a), the hydrogen production hits more than 2500 

μmol/gram·catalyst over 12-hour period, which is 30-fold as high as that of TiO2 NWs-

only (80 μmol/gram·catalyst), and more than 14 times higher than the efficiency of P25 

(176 μmol/gram·catalyst). Finally, the same rGO/TiO2 membrane was reused for the 

second time and the results are shown in Fig.5. Notably, during the 3rd cycle, compared 

with the second round, the hydrogen production halved but still more than 5 times 

higher than the same amount of P25 and 10 times higher than TiO2 NWs. Overall, the 

hydrogen production efficiencies of all the tested photocatalysts follow the ranking of: 

rGO/TiO2 (Cycle 2) > rGO/TiO2 (Cycle 3) > rGO/TiO2 (Cycle 1) ≈ P25 > TiO2 NWs > 

rGO 

As shown in Fig. 3b, 4b and 5b, the presence of rGO/TiO2 NWs photocatalytic 

membrane also significantly promoted the N2O evolution. In the first round of 

experiment (Fig. 3b), the N2O production led by rGO/TiO2 shows a steady increase 

over the 10-hour UV irradiation. However, other photocatalysts didn’t show much 

activity compared with rGO/TiO2. In the second round (Fig. 4b), after 8 hrs the 

increment of N2O concentration is observed reaching a peak value of 1025 

μmol/gram·catalyst, followed by a rapid decrease, with 694 μmol/gram·catalyst as the 

final reading at 12 hr. In comparison, the same amount of individual P25 and TiO2 NWs 

only showed very limited N2O yield (about 81 μmol/g·catalyst & 136 μmol/g·catalyst), 

whilst rGO alone showed only trace amount of N2O generation after 12-hour 

experiment (10 μmol/gram·catalyst). In the last round (Fig. 5b), the rGO/TiO2 NWs 

showed similar trend as previous set of experiment, however the 2nd round shows the 

highest N2O conversion rate.  

The variation of nitrogen gas was also observed during the ammonia decomposition 

when using TiO2 NWs, and rGO/TiO2 membrane while the rGO alone membrane 
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showed zero detectable nitrogen generation (Fig 3c, 4c, 5c). Though the TiO2 NWs 

only caused subtle increase in nitrogen concentration, the rGO/TiO2 membrane which 

contains the same amount of TiO2 NWs increased the nitrogen significantly. Similar 

performance and trend of N2 production can be observed in all rounds of experiments 

(Fig. 3c, 4c, 5c), the N2 concentration rapidly increased in the first 6 hours. The 

difference between the three cycles of experiments is for round 1 (Fig. 3c), the N2 

produced by rGO/TiO2 NWs membrane dramatically dropped after 6 hours and reached 

equilibrium after 8 hours. At the end of the 12 hrs, approximately 60,000 

μmol/gram·catalyst of N2 has been produced. For round 2 (Fig. 4c) and 3 (Fig. 5c), after 

the rapid increase of N2 in first 6 hours, the increment in N2 concentration tended to be 

steadier, and a slight drop can be observed after 11 hours.  

The cycling experiment illustrated above indicates that the second cycle of the 

rGO/TiO2 NWs photocatalytic membrane has superior hydrogen production capability 

and highest N2O conversion ability. In the third cycle, the hydrogen-generating 

performance was halved however still can reach 5-fold higher than same amount of P25.  

Based on the results, we consider that during the first round of experiment, the aqueous 

ammonia might have induced a relatively weak nitrogen doping on the rGO/TiO2 NWs 

membrane that caused the following remarkable hydrogen production performance. To 

verify this hypothesis, X-ray photoelectron spectroscopy (XPS) was carried out to 

check if there is any nitrogen bonding on the rGO/TiO2 membrane which has been 

recycled three times.  As shown in the Fig. 6, 2.65% of nitrogen was detected from the 

recycled rGO/TiO2 NWs membrane. Two bonding states can be identified by 

performing peak split with the N1S spectrum. The stronger peak at 400.64 eV was 

attributed to imide nitrogen, whilst the weaker one at 399.83 eV was attributed to amine 

nitrogen. No peak at 396eV was observed, which is the figureprint of N-Ti bond. The 
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XPS data confirms there is weak nitrogen doping has taken place on the membrane. 

The XPS results support the hypothesis that under the experimental condition, the 

aqueous ammonia can dope the rGO/TiO2 membrane and leads to remarkable hydrogen 

production efficiency.   

 

Fig. 6 XPS spectra N1s of the rGO/TiO2 NWs composite membrane after three cycles. 

 

Theoretically, the following reactions may occur in the system: 

NH3 Decomposition 

2𝑁𝐻3
             
→    3𝐻2 +𝑁2                                                             ∆𝐺 = +11 𝑘𝑗/𝑚𝑜𝑙 (1) 

2𝑁𝐻3  +   2𝑂2  
                 
→      𝑁2𝑂 + 3𝐻2𝑂                 ∆𝑟𝐺298

0 = −548.31 𝑘𝑗/𝑚𝑜𝑙 (2) 

Water Splitting: 

2𝐻2𝑂 
                 
→      2𝐻2 ↑ +𝑂2 ↑                                         ∆𝑟𝐺298

0 =  237 𝑘𝑗/𝑚𝑜𝑙  (3) 

N2O Decomposition 

 2𝑁2𝑂 
  ℎ𝑣,𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡    
→           2𝑁2 +𝑂2                              ∆𝑟𝐺298

0 = −104.18 kJ/mol  (4) 
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The oxygen, which had remained dissolved in the solution or in the gas phase (some air 

remained in the reactor, because the nitrogen was detected in the time 0 hours) induces 

Reaction 2 that oxidises NH3 to N2O. The decrease of N2O concentration after 8 hr 

implies that Reaction 4, the N2O photocatalytic decomposition, has occurred too.  

The results also shown a significant increase in the amount of N2O during the first 8-

hour of experiment. The reason behind that is due to the thermodynamic advantage, the 

Gibbs free energy of the equation (2) (-548.31 𝑘𝑗/𝑚𝑜𝑙) is way less than equation (1) 

(+11 𝑘𝑗/𝑚𝑜𝑙 ), therefore the reaction 2𝑁𝐻3  +   2𝑂2  
                 
→      𝑁2𝑂 + 3𝐻2𝑂  (2) is a 

spontaneous reaction while the 2𝑁𝐻3
             
→    3𝐻2 +𝑁2  (1) need more energy to trigger. 

The experiment showed that by simply anchoring TiO2 nanowires onto graphene, the 

overall hydrogen yield can be increased by 30 fold compared with bare TiO2 nanowires 

and 14 fold with bare P25. In previous works, it is more popular to load noble metals 

like Platinum (Pt) [3, 18, 30-32], Palladium [3, 19] (Pd), Gold [33-35](Au) etc. 

According to those studies, coupling noble metals with TiO2 can only bring limited 

enhancement of photocatalytic hydrogen production efficiency. For instance, 6 times 

improvement of photocatalytic H2 yield from ammonia solution was observed by using 

Pt/TiO2 photocatalyst in comparison to P25 [30].  

It’s also worth to take note that the light source used in this study is a low power (8W) 

UV. It shows that the requirement on energy input for this new catalytic system to work 

is very low. In most photocatalytic H2 production studies, high power light sources were 

used. For example, a 100W Hg lamp was used by Kamegawa et al.[30] and Lin et al.[36] 

used 400W halogen lamp as the light source to investigate the hydrogen generation 

from aqueous methanol solution. Moreover, synthesizing rGO/TiO2 photocatalytic 
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membrane is much cheaper and easier than noble metal-TiO2 co-catalysts. Furthermore, 

due to its unique membrane structure, the used membranes are very easy to recover 

from the reactor compared with conventional powdered photocatalyst.  

It is important to appreciate the significantly increased catalytic activity of the TiO2 

NWs in this reaction owing to the addition of rGO and the membrane morphology of 

the composite catalyst. It is known that the addition of rGO can supress the 

recombination of photo-excited electron and hole, thereby increases the Redox activity. 

Moreover, the positively charged NH4
+ and slightly negatively charged rGO can result 

in the enhancement of absorption of ammonia. When the NH3 are adsorbed on the 

surface of the rGO/TiO2 photocatalyst due to the large specific surface area of graphene, 

the charge transport and separation processes could be increased due to the higher 

probability of reacting in the photoredox reaction on the surface of the photocatalytic 

membrane. Furthermore, the adsorbed NH3 can enhance the captured number of 

electrons or holes resulting in accelerating surface reactions [37, 38]. Graphene 

provide versatile surface properties and high theoretical surface area which can act as 

an excellent supporter for improving the electron-hole separation and adsorption 

properties of photocatalysts. Therefore, graphene here offers a solution to enhance the 

photocatalytic performance. 

As soon as electron–hole pairs are generated within TiO2 upon excitation under UV 

light irradiation, these photogenerated electrons tend to transfer to 

graphene sheets, which are then scavenged by dissolved oxygen to facilitate hole–

electron separation. Meanwhile, the photogenerated holes can either react with 

adsorbed NH3 or surface hydroxyl to form hydroxyl radicals or directly oxidize various 

NH3 with oxygen in the system. The major reaction steps in this photocatalytic aqueous 
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ammonia decomposition mechanism under UV-light irradiation are summarized by the 

following equations [39]: 

TiO2 + hv-   ---->  TiO2 (e
- + h+) (7) 

TiO2 (e
-) + Graphene ---->  TiO2 + Graphene (e-) (8) 

TiO2 (h
+) + OH-   ---->   TiO2 + *OH (9) 

By coupling graphene with TiO2 can significant increase the mobility of photo-

generated electrons and reduce the electron-hole recombination rate thereby improve 

the photocatalytic efficiency accordingly. Additionally, due to the large specific surface 

area of graphene, and the interaction between the positively charged NH4
+ and 

negatively charged rGO, the NH3 molecules are much easier to adhere on the surface 
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4.4 Conclusion 

rGO/TiO2 NWs photocatalytic membrane was synthesised and tested for photocatalytic 

hydrogen generation from aqueous ammonia solution under an 8 W UV light irradiation. 

The Cycling test and XPS results provide clear evidence of a simple nitrogen doping 

method where a maximum of 30-fold enhancement of photocatalytic H2 yield was 

observed from the rGO/TiO2 NWs sample compared with equal amount of plain TiO2 

NWs; and 14-fold enhancement compared with commonly-used P25.  

The graphene here provided high theoretical surface area which worked as an excellent 

mediator for improving the electron-hole separation as well as increasing adsorption 

sites for photocatalysts, which leads to the improved photocatalytic H2 generation 

performance.  
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This study provides a good solution in gaining hydrogen from ammonia-containing 

wastewater with low-cost recyclable material from the reactor.  

 

4.5 Contributions 

Chapter 4 is prepared in manuscript to be submitted to Asia-Pacific Journal of Chemical 

Engineering. This chapter is a collaborative work between Griffith University and 

Technical University of Ostrava. I prepared sample and wrote the manuscript, with 

contributions by A/Prof. Qin Li and Prof. Kamila Kočí in the advisory capacity. Dr. 

Ehsan Eftekhari performed SEM analysis, Nikhil Aravindakshan performed XPS 

measurement and Nela Ambrožová helped with Gas Chromatograph measurement. 
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Chapter 5 – Conclusions and Future Work  

5.1 Conclusion 

The major objectives of this study are firstly to fabricate graphene-based photocatalytic 

membranes, then to investigate the photocatalytic performance of fabricated graphene-based 

membranes, and finally study the mechanism and role of graphene in the entire photocatalytic 

system. In chapter 2, the literature review summarized different types of graphene-based 

photocatalysts through various synthesis methods. There are some major factors that can 

influence photocatalytic efficiency, which are: 1) the photo-absorption capability in available 

region of light energy region; 2) and the separation as well as transporting rate of the 

photogenerated electron and hole pairs; 3) the ability of the photocatalyst to adsorb target 

pollutants. In order to enhance the photocatalytic performance of semiconductors, coating and 

compositing are regarded as effective approaches.  

In chapter 3, a high performance heterojunction photocatalytic ternary membrane 

rGO/TiO2/Cu2O was fabricated and showed great photocatalytic efficiency and permeability in 

organic compounds removal under UV-Vis. rGO plays an important role in this heterojunction 

system as the supporting intermedia as well as to facilitate transfer of electrons and holes, which 

leads to higher photocatalytic efficiency by extending light absorption into the visible range as 

well as suppressing electron-hole recombination. 

In chapter 4, an rGO/TiO2 NWs membrane was fabricated and tested for photocatalytic hydrogen 

generation from aqueous ammonia solution under UV light irradiation. Compared with the same 

amount of TiO2 NWs, a maximum of 30-fold enhancement of H2 yield was observed on the 
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rGO/TiO2 NWs membrane. The graphene here provided high surface area which worked as an 

excellent mediator for improving the electron-hole separation as well as improved adsorption 

capacity of photocatalysts, which lead to the improved photocatalytic H2 generation performance.  

 

5.2 Future work 

While this thesis has effectively shown the superior photocatalytic performance of graphene-

based photocatalysts in the format of rGO-based membranes, there are many opportunities for 

extending the scope of this study and further explore and develop this type of material.  

Since the ternary membrane (rGO/TiO2/Cu2O) fabricated in Chapter 3 has shown good 

photocatalytic efficiency in organic pollutant removal, it can be tested for hydrogen production 

from ammonia solution under UV-vis, and compared with the binary membrane reported in 

Chapter 4.  The ternary membrane and/ or binary membrane can also be studied in an 

electrochemical/ photoelectrochemical setup to seek applicable applications in hydrogen 

production. Furthermore, to study the interactions between the photocatalytic membrane and 

bacteria or viruses would be also a very interesting and promising direction. 

 

 

 




